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伶官传序 

                                                                                                                     [宋代] 

欧阳修     

                                                       

  呜呼！盛衰之理，虽曰天命，岂非人事哉！原庄宗之

所以得天下，与其所以失之者，可以知之矣。 

 

  世言晋王之将终也，以三矢赐庄宗而告之曰：“梁，吾

仇也；燕王，吾所立，契丹，与吾约为兄弟，而皆背晋以

归梁。此三者，吾遗恨也。与尔三矢，尔其无忘乃父之

志！” 庄宗受而藏之于庙。其后用兵，则遣从事以一少牢告

庙，请其矢，盛以锦囊，负而前驱，及凯旋而纳之。 

 

  方其系燕父子以组，函梁君臣之首，入于太庙，还矢

先王，而告以成功，其意气之盛，可谓壮哉！及仇雠已灭，

天下已定，一夫夜呼，乱者四应，仓皇东出，未及见贼而

士卒离散，君臣相顾，不知所归。至于誓天断发，泣下沾

襟，何其衰也！岂得之难而失之易欤？抑本其成败之迹，

而皆自于人欤？《书》曰：“满招损，谦得益。”忧劳可以

兴国，逸豫可以亡身，自然之理也。 

 

  故方其盛也，举天下之豪杰莫能与之争；及其衰也，

数十伶人困之，而身死国灭，为天下笑。夫祸患常积于忽

微，而智勇多困于所溺，岂独伶人也哉！作《伶官传》。 
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Summary  
 

The aerospace industry depends on technology and continuous adoption of innovation is 

required to make flight safer, more affordable, and more efficient. In recent decades, game-

changing disruptive technologies have emerged in the field of aerospace engineering, 

including additive manufacturing (3D printing), multi-functional composites, electric 

propulsion, biofuels, and huge advances in digital technologies, such as artificial intelligence 

(AI), augmented reality (AR) and the use of digital twins. However, the aerospace industry is 

traditionally considered to have a conservative culture that is often slow to respond to 

change and the recent coronavirus pandemic has presented the global airline industry with 

even greater future uncertainty. To survive within the stringent economic environment, 

aircraft designers are required to assess the potential impact of new technologies on an 

aircraft system in an earlier stage of the design process. The risk due to the technology’s high 

development cost, long lead times, and performance uncertainties, however, become the 

main barriers of implementation and dissemination of disruptive technologies. Technology 

forecasting has long been used to quantify the impact of new technology might have on the 

system performance for a given industry. Proper anticipation and evaluation of the potential 

direction, rate, characteristics, and effects of technology will give decision-makers a 

complete understanding of the uncertainties they are facing, as well as defining alternatives, 

options, and consequences to consider in their decision-making process. Most of the existing 

technology forecasting methods operate on mid Technology Readiness Level (TRL), as this 

guarantees the result is defensible, supportable, and comparable with timely data. 

Forecasting methods for low TRL technologies have traditionally been eschewed, as low TRL 

technologies are characterized by a lack of information, with few Subject Matter Experts 

(SMEs) in the field, and very little laboratory results or experimental data, which in turn 

causes forecasting failures and disruptive surprises. In response to this, a novel Technology 
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Impact Forecasting (TIF) has been proposed in this research, which provides a framework to 

rapidly assess the technical feasibility and economic viability of low TRL technology for a 

given system before this technology has been selected and fully developed, thereby giving 

direction to further resource allocation. The statistically significant simulations, therefore, 

were created through the construction of a multi-scale modelling framework with 

appropriate uncertainty bands.  The idea put forth in this research is that even though the 

information provided by TIF with high uncertainty present for low TRL technologies, it is still 

useful information in the context of decision making.  

The impacts of technology infusion on system disciplinary metrics, k_factors, are for the first 

time represented by a possibility distribution based on possibility theory to represent the 

statistical analysis data gathered from expert opinions. Although possibility theory has been 

available for decades, the application of possibilistic nature in technology assessment, 

particularly within the area of aircraft design has been rarely explored. This theory offers a 

straightforward and mathematical framework to model uncertainty arising from the limited 

or imprecise knowledge of human understanding about a real system. By applying possibility 

theory, the potential system impacts of low TRL technology can be assessed. Furthermore, 

this novel TIF method has deployed mixture distribution to account for the effect of 

technology interactions when multiple technologies are applied simultaneously on the 

aircraft design. In this way, the fidelity of the traditional TIF method can be increased. 

The proposed methodology has been demonstrated through case studies to quantify the 

impact of infusing two representative low TRL technologies (i.e. multi-functional composites) 

in the context of a commercial aircraft system. Specifically, novel composites with self-

healing function or lightning strike protection function have been selected as the candidate 

test cases of the multi-functional composites that are applied to the aircraft system. The 

novel PANI-based lightning strike protection material has been compared with the traditional 
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metal mesh and expanded metal foil through the use of the traditional TIF method first. The 

results show that although the parasitic weight of the PANI-based lightning strike protection 

material is lower than that of the metal mesh, the expanded metal foil is still a better option 

in terms of weight saving. From an economic perspective, all aircraft system costs have 

increased when infusing the proposed new technology on the aircraft system.  By using the 

novel TIF method which incorporated possibility distribution, however, the negative effects 

of technology infusion are smaller. The self-healing material, on the other hand, starts with 

using the novel TIF method to cross-compare the performance of different self-healing 

materials and quantitatively assess their impacts in the aircraft system. Two representative 

self-healing technologies, microcapsule-based and 1D microvascular-based self-healing 

materials, have been investigated. Results show that the microcapsule-based self-healing 

material has less impact on the aircraft size and cost as compared to the 1D microvascular-

based self-healing material. The analysis is then repeated using the traditional TIF method to 

compare the results and thereby to explore the validity and utility of the novel TIF method. 

A reduced variability of the design space can be found through the use of the novel TIF 

method. Finally, the interaction effects of these two low TRL technologies are assessed by 

using the mixture distribution. The results show that although the aircraft weight and cost 

are increased, the interaction effect of technology combination is feasible and viable than 

implementing a single technology. In addition, the use of mixture distribution has captured 

the interaction/synergy between different technologies and hence is more accurate than the 

traditional TIF method. The fidelity of estimations has been improved which highlights the 

benefit of using the mixture distribution within the novel TIF method. 

 

 

 



 

VIII 
 

Table of Contents 

Acknowledgments .................................................................................................................. III 

Publications ............................................................................................................................ IV 

Summary ................................................................................................................................. V 

List of Figures ......................................................................................................................... XI 

List of Tables ........................................................................................................................ XIII 

Nomenclature .......................................................................................................................XV 

Chapter 1 Introduction.......................................................................................................... 17 

1.1 Motivation ................................................................................................................... 17 

1.2 Thesis Outline .............................................................................................................. 21 

Chapter 2 Literature Review ................................................................................................. 24 

2.1. Technology Readiness Level (TRL) .............................................................................. 24 

2.2 The Role of Technology k_factors ............................................................................... 25 

2.3 Technology Forecasting Techniques............................................................................ 27 

2.4 Development of the TIF Methodology ........................................................................ 29 

2.5 Technology Impact Forecasting (TIF) ........................................................................... 31 

2.5.1 TIF Methodology .................................................................................................. 32 

2.5.2 Limitation of TIF ................................................................................................... 41 

2.6 Decision Making .......................................................................................................... 43 

2.7 Multi-Functional Composites ...................................................................................... 45 

Chapter 3 Gap Analysis, Objectives and Research Questions ............................................... 47 

3.1 Gap Analysis and Objective ......................................................................................... 47 

3.2 Research Question ...................................................................................................... 48 

3.3 Research Aims ............................................................................................................. 49 

3.4 Research Novelty ........................................................................................................ 49 

Chapter 4 Evolution of Technology Impact Forecasting Framework ..................................... 51 

4.1 Data Collection ............................................................................................................ 51 

4.2 Uncertainty ................................................................................................................. 53 

4.3 Possibility Distribution ................................................................................................ 56 

4.3.1 Definition of Possibility Theory............................................................................. 56 

4.3.2 Application of Possibility Theory .......................................................................... 57 

4.3.3 Construction of possibility distribution ................................................................ 58 

4.3.4 Possibility versus Probability ................................................................................ 60 

4.3.5 Possibility-Probability Transformation ................................................................. 61 

4.3.6 Parameters Estimation of Transformed Distribution............................................ 65 



 

IX 
 

4.4 Mixture Model ............................................................................................................ 66 

4.4.1 Definition of mixture distribution ......................................................................... 68 

4.4.2 Parameters Estimation of Mixture Distribution ................................................... 68 

Chapter 5 Novel Technology Impact Forecasting Framework ............................................... 70 

5.1 Traditional TIF Methodology ....................................................................................... 70 

5.2 Novel TIF Methodology ............................................................................................... 72 

Chapter 6 Multi-Scale Modelling Framework........................................................................ 77 

6.1 Model Creation ........................................................................................................... 77 

6.1.1 Material Model..................................................................................................... 77 

6.1.2 Wing Model .......................................................................................................... 78 

6.1.3 Aircraft model ...................................................................................................... 79 

6.2 Model Overview .......................................................................................................... 80 

6.2.1 Model Assumption ............................................................................................... 81 

6.2.2 Aircraft Baseline ................................................................................................... 81 

6.2.3 Design Variable and System Responses ............................................................... 83 

Chapter 7 Test Case-Lightning Strike Protection Material (LSP) ............................................ 87 

7.1 Introduction ................................................................................................................ 87 

7.2 Material Model Creation ............................................................................................. 89 

7.3 Characterization .......................................................................................................... 90 

7.4 Results ......................................................................................................................... 92 

7.5 Comparison of Use of Possibility Transformations to Traditional TIF method ............ 99 

7.6 Uncertainty in Result ................................................................................................. 103 

7.7 Conclusion of LSP Test Case ...................................................................................... 104 

Chapter 8 Test Case-Self-Healing Material (SHL)................................................................. 105 

8.1 Introduction .............................................................................................................. 105 

8.2 Material Model Creation ........................................................................................... 108 

8.3 Characterization ........................................................................................................ 108 

8.4 Results ....................................................................................................................... 110 

8.5 Comparison of Use of Possibility Transformations to Traditional TIF method .......... 114 

8.6 Conclusion of SHL Test Case ...................................................................................... 117 

Chapter 9 Assessing Interaction Effects of Two Technologies ............................................ 118 

9.1 Characterization ........................................................................................................ 118 

9.2 Result ........................................................................................................................ 120 

9.3 Comparison TIF with and without the Use of Mixture Distribution .......................... 123 

9.4 Conclusion of Mixed method .................................................................................... 127 

Chapter 10 Conclusions and Future Work ........................................................................... 128 



 

X 
 

10.1 Conclusions ............................................................................................................. 128 

10.2 Revisiting the Research Questions .......................................................................... 129 

10.3 Future Work ............................................................................................................ 130 

Reference ............................................................................................................................ 132 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

XI 
 

List of Figures 
 

Figure 1 Design freedom variation in time modified from [5]. .............................................. 19 

Figure 2 The current Technology Impact Forecasting process modified from [8]. ................ 32 

Figure 3 Example of Pareto Chart ......................................................................................... 36 

Figure 4 Example of k_factors prediction profile .................................................................. 38 

Figure 5 Example of shape function (a) Uniform and (b) Triangular Shape Function ............ 39 

Figure 6  Example of Cumulative Distribution Function. ....................................................... 40 

Figure 7 Technology Readiness Level (TRL) of Multi-functional Composites modified from [49].

 .............................................................................................................................................. 46 

Figure 8 Sample of a trapezoid possibility distribution. ........................................................ 59 

Figure 9  Example of possibility distributions ........................................................................ 60 

Figure 10  (A) Example of a triangular possibility distribution and (B) The transformed 

probability distribution. ........................................................................................................ 64 

Figure 11 Novel TIF methodology process flow for low TRL technology. .............................. 70 

Figure 12 Multi-scale modelling framework. ........................................................................ 73 

Figure 13 Multi-scale modelling framework of Technology Impact Forecasting ................... 77 

Figure 14  Baseline mission profile ........................................................................................ 82 

Figure 15 Uniform shape function of k_factors value ........................................................... 92 

Figure 16 Prediction profile of using PANI-based LSP layer for aircraft system .................... 93 

Figure 17 Resulting CDFs for PANI-based LSP layer on selected system responses of interest 

for aircraft cost. .................................................................................................................... 96 

Figure 18 The possibility distributions used in this test case for each k_factors ................. 100 

Figure 19 The transformed probability density function used for each k_factor ................ 100 

Figure 20 Resulting CDFs generated for aircraft cost for PANI-based layer upon using both 

possibility distribution and probability distribution ............................................................ 102 

Figure 21 The possibility distribution used for self-healing materials ................................. 109 

Figure 22 The transformed probability density function used for each k_factors. ............. 110 

Figure 23 Resulting CDFs for self-healing material for aircraft on A) RDT&E; B) OSC; C) FUC; 

and D) AUAC Table 19 and Table 20 list the representative data obtained from the CDFs in 

Figure 23 upon infusion of the two self-healing technologies. ........................................... 112 

Figure 24 Triangular probability distribution shape functions for Microcapsule and 1D 

Microvascular self-healing materials................................................................................... 114 



 

XII 
 

Figure 25 Resulting CDFs generated for aircraft cost for microcapsule-based self-healing 

material upon using both possibility distributions and traditional probability distributions.

 ............................................................................................................................................ 116 

Figure 26 Resulting CDFs generated for aircraft cost for 1D microvascular self-healing material 

upon using both possibility distributions and traditional probability distributions............. 117 

Figure 27 The shape functions of k_factors values for interaction effects of two technologies

 ............................................................................................................................................ 120 

Figure 28 Resulting CDFs for aircraft economic effects by infusing SHL, LSP, and their 

combination on (a) RDT&E (b) OSC (c) FUC (d) AUAC. Black and blue lines represent the value 

for SHL and LSP, respectively. The Red line represents the value of their interaction effects.

 ............................................................................................................................................ 122 

Figure 29 Resulting CDFs generated for aircraft cost for the interaction effect of SHL and LSP 

technologies upon using both traditional and novel TIF method. ....................................... 125 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

XIII 
 

List of Tables 

 

Table 1 Technology readiness level [3] ................................................................................. 24 

Table 2 The possibility and probability distribution associated with X. ................................. 61 

Table 3 Economic assumptions used in this research. .......................................................... 81 

Table 4 Baseline aircraft parameters used in this research. .................................................. 82 

Table 5 The design variables used in this research. .............................................................. 84 

Table 6 Responses of interests for the selected aircraft system. .......................................... 84 

Table 7 Materials information within the LSP model. ........................................................... 90 

Table 8 k_factors and ranges of variability examined for PANI-based LSP layer ................... 91 

Table 9  Responses of interests for the baseline aircraft ...................................................... 92 

Table 10 The aircraft weight and size responses for using PANI-based LSP layer on aircraft 

system after TIF analysis (compared with metal copper mesh as baseline).......................... 94 

Table 11 The aircraft weight and size responses for using PANI-based LSP layer on aircraft 

system after TIF analysis (compared with expanded foil as a baseline) ................................ 95 

Table 12 The aircraft cost responses for using the PANI-based LSP layer on aircraft system 

after TIF analysis with metal copper mesh baseline ............................................................. 98 

Table 13 The aircraft cost response for using PANI-based LSP layer on aircraft system after 

TIF analysis with expanded copper foil baseline ................................................................... 99 

Table 14 The aircraft cost responses for PANI-based LSP layer upon using possibility 

distribution to represent k_factors (Baseline: metal copper mesh) .................................... 101 

Table 15 The aircraft cost responses for PANI-based LSP layer upon using possibility 

distribution to represent k_factors (Baseline: expanded foil) ............................................. 101 

Table 16 Materials information for the selected self-healing materials.............................. 108 

Table 17  k_factors and their range of variability examined for self-healing materials ....... 109 

Table 18 Aircraft weight and size responses with self-healing technology infusion............ 111 

Table 19 Aircraft cost responses with microcapsule-based self-healing material infusion . 113 

Table 20 Aircraft cost response with 1D microvascular self-healing material infusion ....... 113 

Table 21 Aircraft cost responses for microcapsule-based self-healing material upon using a 

triangular probability distribution to represent k_factors .................................................. 115 

Table 22 The aircraft cost response for 1D microvascular self-healing material upon using a 

triangular probability distribution to represent k_factors .................................................. 115 

Table 23  k_factors and ranges of variability examined for both lightning strike protection 

material and self-healing material ...................................................................................... 119 



 

XIV 
 

Table 24  The aircraft weight and size responses for using SHL, LSP, and their combination on 

the aircraft system after novel TIF analysis. ........................................................................ 121 

Table 25 The aircraft cost responses for using SHL, LSP, and their combination on the aircraft 

system after novel TIF analysis............................................................................................ 123 

Table 26 Algebraic Addition of the range of k_factors. ....................................................... 123 

Table 27 Aircraft cost responses for comparison of novel TIF method and traditional TIF 

method ............................................................................................................................... 126 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

XV 
 

Nomenclature 
 

AFSPAO Airframe Spares for Production (%) 

ALCCA Aircraft Life Cycle Cost Analysis  

API Average Annual Inflation Factor (%) 

ASDL Aerospace System Design Laboratory 

ATA Air Transportation Association of America 

AUAC Average Unit Airplane Cost (including spares) ($M) 

CCD Central Composite Design 

CDF Cumulative Distribution Function  

CE Concurrent Engineering  

CFRP Carbon Fibre Reinforced Polymer  

DBSA Dodecyl Benzenesulfonic Acid  

DEPLIFE Depreciation Period 

DoE Design of Experiment  

DVB Divinylbenzene 

ENSPAO Main Engine Spares for Production (%) 

EPA Ethyl Phenylacetate  

FCOMP 
Decimal Fraction of Amount of Composites used in the Wing 

Structure 

FINSUR Hull Insurance (%) 

FLOPS Flight Optimization System 

FPI Fast Probability Integration  

FUC First Unit Cost ($M) 

FUEL WT Fuel Weight (lb) 

IPPD Integrated Product and Process Development  

JMP 
“John's Macintosh Project” Computer Programs for Statistical 

Analysis 

k_CFWCO 
Complexity Factor for Composites Wing Structure Basic Design 

Engineering 

k_CFWCOTF 
Complexity Factor for Composites Wing Tooling and Factory Fest 

Equipment 

k_CFWINGCO Wing structure composites complexity factor 

k_LEARN Airframe Learning Curve Factor 



 

XVI 
 

k_LEARNAS Assembly Learning Curve Factor 

k_MMC 
Maintenance man-hours per block hour changed by using new 

technology 

LSP Lightning Strike Protection  

MADM Multi-Attribution Decision Making  

MLE Maximum Likelihood Estimation 

OEW Operating Empty Weight (lb) 

OSC Operation Support Cost ($M) 

PANI polyaniline 

PBAE Poly (bisphenol a- co-epichlorohydrin) 

RDS Robust Design Simulation  

RDT&E Research, Development, Testing and Evaluation Cost ($M)  

RE Engineering Labor Rate($/hr) 

RESDVL Residual Value at end of Economic Life (%) 

RL Maintenance Labor Rate($/hr) 

RSEs Response Surface Equations  

RT Tooling Labor Rate ($/hr) 

RTRTNA Rate of Return for the Airline (%) 

SHL Self-Healing  

SMEs Subject Matter Experts 

THRUST Engine Thrust (lb) 

TIES Technology Identification, Evaluation, and Selection  

TIF Technology Impact Forecasting 

TOGW Take-off Gross Weight (lb) 

TRL Technology Readiness Level 

W/S Wing Loading (lb/ft2) 

 

 

 

 

 

 

 

 

 
 



 

17 
 

Chapter 1 Introduction  

1.1 Motivation 
 

The aerospace industry depends on technology and continuous adoption of innovation is 

required to make flight safer, more affordable, and more efficient. Yet the aerospace industry 

is traditionally considered to have a conservative culture that is often slow to respond to 

change and the recent coronavirus pandemic has presented the global airline industry with 

even greater future uncertainty [1]. The main barriers of implementation and dissemination 

of disruptive technologies are their high development cost, long lead times, and performance 

uncertainties. The risk, therefore, is that new technology may become dated, less relevant, 

or even obsolete by the time the aircraft is in production [2]. Given that the development 

lifecycle of aircraft can exceed a decade or more, it becomes critical to be able to assess the 

potential impact of new technologies on an aircraft system as soon as possible. 

The level of maturity of new technology is defined with a Technology Readiness Level (TRL) 

scale [3]. Low TRL technologies are attractive to the aerospace industry because their 

maturation cycles can happen simultaneously with the development lifecycle of the aircraft, 

meaning that the technology can be implemented as soon as it matures. As a result, a low 

TRL (1-3) technology is often one in which the scientific principle has been conceived, 

observed, and reported, often including an experimental proof of concept and some 

experimental laboratory validation. Identifying, and more importantly, assessing, the 

potential impact of these low TRL technologies is, however, exceedingly difficult. Observation, 

initial scientific confirmation, or even a working proof of concept does not guarantee a 

technically feasible or financially viable technology in production. A low TRL technology’s high 

potential is counterbalanced by its inherent high risk and high uncertainty. 

Technology forecasting has long been used to quantify the impact technology might have on 

system performance for a given industry. The primary purpose of technology forecasting is 

to aid the decision-maker or designer in assessing the potential impact on business or 
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company success as a result of incorporating an innovative technology [4]. Proper 

anticipation and evaluation on the potential direction, rate, characteristics, and effects of 

technology will give decision-makers a complete understanding of the uncertainties they are 

facing, as well as defining alternatives, options, and consequences to consider in their 

decision-making process. Most of the existing technology forecasting methods operate on 

mid-TRL, as this guarantees the result is defensible, supportable, and comparable with timely 

data. Forecasting methods for low TRL technologies have traditionally been eschewed, as low 

TRL technologies are characterized by a lack of information, with few Subject Matter Experts 

(SMEs) in the field, and very little laboratory results or experimental data, which in turn 

causes forecasting failures and disruptive surprises. In addition, in the traditional design 

approach, major design decisions are made early in the design cycle when limited knowledge 

about the proposed new technology is known, which concurrently reduces the design 

freedom and locks in the cost commitment, as illustrated with solid lines in Figure 1 [5]. This 

is because once the design decisions have been made and funding approval has been granted, 

any changes to the product specifications in later phases will have a great impact on the 

ultimate characteristics and life cycle cost of a system. To remedy this situation, a modelling 

and simulation environment is needed to quantify the economics, reliability, and 

supportability of the proposed technology with the product design in the early phases, thus 

allowing rapid and cost-efficient product and process trade-offs. So even though the 

development lifecycle of aircraft takes years, low TRL technology can mature concurrently 

with product design, therefore, ensuring the new products remain competitive at the time 

they are introduced to the market. 
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Figure 1 Design freedom variation in time modified from [5]. 

In this research, the methodology for creating a technology impact environment is based on 

using Technology Impact Forecasting (TIF). The method was initially created by researchers 

at the Aerospace System Design Laboratory (ASDL) [6][7] and was developed by principal 

investigators Prof. Mavris and Dr.Soban [8]. It employs modelling and simulation as the 

center element to identify, understand, and quantify the potential impact of technology 

(technologies) infusion decisions. TIF methodology uses several probabilistic tools, such as 

Design of Experiment (DoE), Response Surface Equations (RSEs), and Monte Carlo Simulation, 

to facilitate the assessment of new technologies. The TIF method has been formalized for 

aerospace applications, including subsonic [9] and supersonic transports [10], rotorcraft [7], 

and military systems [11]. Traditional TIF was devoted to mid-TRL technologies due to the 

existence of substantial data to establish a full-fledged forecasting environment [8]. The 

previous probability theory dominated mathematical formulations of the models lead to its 

limited usefulness in extremely low TRL technologies. In this research, a novel TIF 
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methodology has been proposed that incorporates the possibility distribution based on 

possibility theory for the first time to estimate the technology impact gathered from expert 

opinions. These possibility distributions are then incorporated into the system-level analysis 

and, through the use of technology k_factors, technology impacts are probabilistically and 

quantitatively assessed. As a consequence, the novel TIF methodology is endowed with the 

ability to rapidly assess the feasibility and economic viability of low TRL technology on a given 

system before this technology has been selected and fully developed, thereby giving 

direction to further resource allocation. The knowledge about a low TRL technology, 

therefore, can be brought into the earlier phases of the design process, in an attempt to delay 

the cost commitments and also keep design freedom open, as illustrated with dashed lines 

in Figure 1. 

The proposed methodology has been demonstrated through case studies to quantify the 

impact of infusing representative low TRL technologies in the context of a commercial aircraft 

system. In recent decades, multi-functional composites, being a low TRL technology, has 

attracted increasing interest worldwide due to their multiple functionalities on mechanical, 

electrical, and thermal properties which will play a pivotal role in accelerating the 

development and manufacture of the products of the future. The aerospace and defense 

sector are the main demander of multi-functional composites to increase mission endurance 

and payload capacity while maintaining its performance and capabilities. To date, there have 

been no studies on the development of a mathematical model to quantify the benefits and 

drawbacks of this material to the aircraft system. The research presented in this thesis 

focuses on creating a mathematical model that is specifically designed to evaluate, compare, 

predict the impact of multi-functional composites in terms of benefit, cost, and risk on a real 

aircraft system. 
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1.2 Thesis Outline 
 

The thesis begins with an introductory chapter, which includes the challenges faced by 

aerospace innovation and specifically, decision-makers in the early phases of aircraft design 

process to assess the impact of low TRL technologies on a given system.   

Chapter 2 reviews the previously published work associated with TIF and multi-functional 

composites technology and understands its base concept definitions. The solid background 

in initial TIF for mid-TRL technologies has been provided. The literature review on TIF was 

focused on testing and understanding the rationale of the TIF process for mid-TRL. The 

literature review on multi-functional composites development was conducted, which 

included developing a fundamental understanding of the physics involved, as well as the 

qualitative technology information provided by experts. 

Chapter 3 brings the gaps in this research and subsequently the research objectives and 

questions.  The gap analysis is carried out by discover the current state of the art of TIF and 

define the desired future state.  By comparing the difference between the current and future 

state of the TIF method, coupled with the result from the literature review, any deficiencies 

or limitations that exist in the methodology to date can be noted. Based on the gaps 

identified, the research objectives, and questions can be framed. The research objective and 

questions can help to determine the direction, depth, and overall research problem that 

needs to investigate. 

Chapter 4 describes the evolution of Technology Impact Forecasting Framework. The 

definition of data and type of research data along with associated distinct data collection 

techniques are reviewed first in this chapter, followed by a detailed description of the 

dimension of uncertainty in the data collection. As a result of this review, perceived or known 

uncertainty in the data collection must be evaluated and presented appropriately, 

highlighting the distinct methods that are needed to explicitly handle all facts of uncertainty. 
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Possibility theory is then introduced as a superior method to account for the expert's intuitive 

knowledge of the impact of immature technologies, instead of probability theory which is 

currently remained dominant to represent all dimensions of uncertainty within the TIF 

method. Each theory is capable of capturing only certain types of uncertainty. To capture all 

types of uncertainty, transformation is introduced to move from one theory to another as 

appropriate. The mixture model is also introduced in this chapter, which will be used to 

capture the interactions when multiple technologies are applied simultaneously on the 

aircraft design. 

Chapter 5 outlines a novel TIF methodology process, which has the ability to link TRL with 

uncertainty in impact estimate and then use probabilistic technique-mixture distribution to 

assess the interaction effects between technologies and give direction to further resource 

allocation. 

Chapter 6 introduces a multi-scale modelling framework, which will allow the propagation of 

impact effects at lower levels to system-level or overall. It is not only to integrate the physics 

of the complex system but also provide the capability to calculate the economic life cycle cost 

analysis within this research. This chapter gives the process which was conducted to create 

this modelling environment and the pertinent information needed for the application of the 

novel TIF method. 

Chapter 7 and Chapter 8 give the results and insights obtained from the case studies to 

quantify the impact of infusing low TRL technologies (i.e., multi-functional composites) using 

the proposed methodology. Specifically, novel composites with self-healing function or 

lightning strike protection function have been selected as the candidate test cases of the 

multi-functional composites that are applied to the aircraft system.  The novel PANI-based 

lightning strike protection material has been compared with the traditional metal mesh and 

expanded metal foil through the use of the traditional TIF method first. The analysis is then 
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repeated using the novel TIF method to compare the result and thereby highlight the 

significant benefits of employing the possibility theory. The effect of a composite 

composition on the aircraft weight and the subsequent impacts on the aircraft cost will be 

discussed. The self-healing material, on the other hand, starts with using the novel TIF 

method to cross-compare the performance of different self-healing materials and 

quantitatively assess their impacts in the aircraft system. Two typical self-healing systems, 

namely, microcapsule-based and 1D microvascular self-healing materials will be investigated, 

and their level of impact on selected aircraft system responses will be compared and 

presented. 

Chapter 9 gives the results obtained from the assessment of the interaction effects of these 

two low TRL technologies by using the mixture distribution. Therefore, the effects of multiple 

technologies can be statistically combined and probabilistically propagated before 

incorporating into the TIF environment. The analysis is then repeated using the traditional 

TIF method to explore the validity and utility of the novel TIF method. 

Chapter 10 summaries the major finding of the research, answers research questions and 

further lists the research goals for future work. The system-level impact, uncertainty, and risk 

of the multi-functional composites are revealed and thereby, give direction to further 

resource allocation.   

 

 

. 
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Chapter 2 Literature Review 
 

2.1. Technology Readiness Level (TRL) 
 

 Although many promising technologies are being invented or are under active investigation 

in the area of aircraft design, there is a colossal distance between invention and 

implementation. A measurement system used to assess this distance, or in other words, 

represent a checklist for the technology development phase from a thought to the 

application in the actual system is Technology Readiness Level (TRL) scale. The TRL scale was 

proposed by NASA in 1974 and is used to describe the maturation and development process 

of technology on a scale of 1 to 9 [3]. Each level indicates the development of a particular 

technology from the initial concept (Level 1) to the technology proven through successful 

operations (Level 9). An overview of the NASA defined TRL scale can be found in Table 1 [3]. 

Table 1 Technology readiness level [3] 

 

Level Readiness Description 

1 Basic principles observed and reported 

2 Technology concept and/or application formulated 

3 
Analytical and experimental critical function and/or characteristic proof of 
concept 

4 Component and/or breadboard validation in a laboratory environment 

5 Component and/or breadboard validation in a relevant environment 

6 
System/subsystem model or prototype demonstration in a relevant 
environment  

7 System prototype demonstration in a target/space environment 

8 Actual system completed and “flight qualified” through test and demonstration  

9 Actual system “flight-proven” through successful mission operations 

 

In general, Levels 1-3 are considered as low TRL, Levels 4-6 are mid-TRL, and Levels 7-9 are 

high TRL. At low TRL, the uncertainty is at its greatest due to little information being known 
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about a technology. Yet over time, as resources are devoted to the development of 

technology and more knowledge and information is gained about the technology 

applicability on the real system, the maturity of technology will increase, and uncertainty 

decreases. Infusing new technologies on a given system inevitably requires new hardware 

and software, documentation, training, facilities, and support equipment which are all 

associated with significant cost implications. Additionally, Incorporating low TRL technology 

into a system will increase the chance of schedule delays, and sometimes these immature 

technologies may not meet system performance requirements [12].  Conversely, 

incorporating mature technology (high TRL) into a system will add obsolescence risk, which 

in turn inevitably increases its life cycle costs. Estimating the right level of technology 

maturity is always an ongoing challenge for many businesses to develop the success of all 

advanced technology systems. Overestimating TRL can result in a gross underestimate of the 

time and cost to get the technology to market, and the possibility of technology development 

cancellation [13].   

2.2 The Role of Technology k_factors 
 

Since the impact of new technologies on the system performance is considerable, the 

accurate assessment of technology performance becomes a major concern of the conceptual 

design. Unfortunately, it is extremely difficult to assess these new technologies within the 

design phase, because of traditional aircraft sizing and synthesis codes are based on current 

aircraft configuration and historical databases which limit their applicability to new 

technologies. To address this issue, Mavris and Kirby [14] proposed the use of multiplicative 

factor, k_factors, in the analysis code, as a means to represent the impact of technology 

infusion as changes to a baseline system disciplinary metrics. These k_factors modify the 

system disciplinary metrics to reflect the benefit and/or penalties associated with the 

addition of new technologies. In other words, the k_factors act as the disciplinarian metric 
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multipliers that modify the disciplinary metrics (either enhancement or degradation) 

associated with new technology. Technologies are modelled by recognizing the uncertain 

value of the k_factors based on the available information on the TRL and subsequently 

assigning an appropriate probability distribution to that k_factors to develop a confidence 

estimate [14]. The range (i.e., design space) and shape (i.e., shape function) of these 

distributions are based on technology expert opinions, physics-based modelling, and 

literature reviews. Each source of impact estimation has its own associated uncertainty. 

Hence, the identification of the appropriate probability distribution for the k_factors is a key 

enabler for gaining accurate results.  Later, these k_factors can be directly linked to a 

surrogate model (see section 2.5.1) of aircraft sizing and synthesis codes to assess the value 

of the system disciplinary metrics they affect. The result from TIF is not a simple number, but 

rather is a probability distribution. The decision supportability aspects of new technologies 

are dependent on these probability distributions. For instance, if the result does not meet 

the confidence level set by the decision-makers (i.e., technology not ready), it will provide 

quantitative results for decision-makers to justify their decision in the early stage of the 

design process. 

One of the major advantages of using the k_factors is that it can be used without specific 

technologies to create a forecasting environment. By changing the k_factors values, the 

corresponding system disciplinary metrics value will update in real-time to determine if the 

target metrics can be met as technologies are introduced. Therefore, when the 

designer/decision-maker has the desired system target and constraints, they can work 

backward to identify specific technologies for infusion that provide the desired k_factors 

values. 
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2.3 Technology Forecasting Techniques 
 

Technology forecasting methods have long been used to attempt to quantify the impact of 

potential of technologies for a given industry. One of the first examples of technology 

forecasting was conducted by the National Resource Commission (NRC) in 1935, when they 

were asked to predict the future of 13 major inventions in 9 different fields [15]. Since then, 

there have been a variety of forecasting methods and techniques developed, broadly 

categorized as either “exploratory“ or “normative” [16]. The exploratory method looks at 

past and present information in order to extrapolate into the future to predict what might 

happen [16]. Normative methods, on the other hand, start with an assessment of future goals 

and needs and work backward to determine how these futures might be achieved [17]. There 

are four traditional forecasting techniques that exploratory and normative forecasting 

methodologies use: judgmental or intuitive methods, extrapolation and trend analysis, 

models, and scenarios and simulations [18]. Judgmental methods fundamentally use opinion 

to generate a forecast. An example of a judgmental method is the Delphi method. Delphi 

method is a structured methodology that obtains expected technology impact from expert 

elicitation [18]. Extrapolative methods and trend analysis use historical data to predict the 

technology impact in the future by an assumption of the technology development will follow 

the existing trends [19]. The most common of these methods is S-curves or growth curves. 

The growth curves assume a new technology tends to evolve on patterns of an “S-shaped” 

characteristic as they are deployed, developed, and reach maturity or market saturation [19]. 

A model is a representation of reality that is used to predict the effect of the change to the 

system in order to understand its impacts at a system-level [20]. Scenarios and simulations 

are used to explore the complex interaction of different future technology and how 

technologies will play out in the real world [18].  

In aerospace engineering, there has been much research and literature devoted to 

technology forecasting. It can be broadly classified into two main approaches. One is to 
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assess a technology-specific assessment of a sub-system. For example, Kaszubowski [21] uses 

the trend analysis approach to predict future launch vehicle capabilities and thereby support 

the R&D planning process. Another technology forecasting related to aerospace engineering 

is to estimate the impacts of many different technologies at lower-levels to system-level for 

various complex system applications. A study by Webb discusses using Technology Time 

Trending (T3) and Technology Maturity Status (TMS) through a series of technology trend 

analysis to predict the technology’s performance, schedule, cost, and risk over the 

technology development time based on historical trends [22]. Additionally, Lewe et al [23] 

demonstrated a Transportation System-of System Simulator (TSS) through a series of 

simulation exercises to show the capability of TSS for multimodal demand and emission 

analysis with future uncertainty and helps in making informed decisions. Moolchandani et al 

[24] developed a Fleet-Level Environmental Evaluation Tool, which is a computational 

simulation tool to assess the impact of new aircraft concepts and technologies on aviation's 

impact on environmental emissions and noise. Moreover, Cai et al [25] have assessed the 

system-level impact of multiple high-lift device active flow control architectures through the 

use of the Integrated Subsystem Sizing and Architecture Assessment Capability model. In the 

area of technology selection, Jimenez and Mavris [26] have provided meaningful insight 

regarding the selection of immature aircraft technologies for environmental goals via a multi-

objective genetic algorithm optimization model. The effect of resource costs associated with 

each technology, additively compounded for technology combination solutions, is also 

examined in this context by expanding the method to include a resource constraint. All of 

these studies are concentrated heavily on assessing the impact of technology with respect to 

environmental impact, especially with regard to fuel burn, emissions and noise levels. 

Technology forecasting methods and examples applied to predicting the impact of new 

materials for infusing and subsequent affordability assessment have been and remain scarce. 

To accomplish this end, a modelling and simulation environment is needed for the aircraft 
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designer or decision-maker to easily assess and trade-off the impact of technology infusion 

for a given system, particularly in the area of material development. 

 

2.4 Development of the TIF Methodology 
 

Since the mid-1990s,  the aerospace industry has begun a paradigm shift from a focus on 

design for performance to design for affordability [27]. This is due to the increasingly global 

and national budgetary requirements and restrictions [28]. This change has implied that 

designing an aircraft from the affordability point needs a robust forecasting environment for 

technical feasibility and economic viability assessment when new technologies are infused. 

Affordability does not imply low cost, instead, it ensures the system and programs are 

feasible to satisfy multiple performances, cost, and schedule needs of stakeholders [5].  

Therefore, the aircraft designers/decision-makers seek a robust decision-making process 

that is able to direct the early stage design process towards a more feasible and affordable 

solution [29]. As a consequence, a variety of concepts have been attempted to develop a 

framework that not only provides design guidance to ensure the proposed technologies meet 

performance requirements but also accounts for the economic uncertainty within the 

affordability goals. Robust Design Simulation (RDS) to aircraft design based on a Concurrent 

Engineering (CE)/Integrated Product and Process Development (IPPD) approach was first 

proposed [30][31]. It was deployed to replace the traditional single point deterministic design 

by a probabilistic design that models the uncertainty with a probability distribution. RDS 

approach uses statistical methods, specifically DoE, RSE, Monte Carlo Simulation, to assign a 

probability distribution to account and quantify the uncertainty for each variable. The results 

are presented as a cumulative probability distribution function (CDF) for each of the desired 

objectives (e.g. take-off gross weight) rather than a single point solution without providing 

any insight into the design [28]. RDS  focuses on delivering a product that maximizes the 

probability of meeting or exceeding the system design and environment constraints [28]. 
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Although the RDS framework allows for technology infusion, it cannot assess the impact of 

infused innovative technologies, specifically the uncertainty associated with TLRs. Mavris et 

al. [32][33] then incorporated all of the aforementioned major advances as well as additional 

techniques such as Morphological Matrix, Multi-Attribute Decision-Making (MADM) 

technique, Technology Compatibility Matrix, in an attempt to provide a forecasting 

environment for decision-makers/designers to easily assess and trade-off the impact of 

technology infusion. This framework was the first to be labelled Technology Identification, 

Evaluation, and Selection (TIES) and was also the first reference to label the step for the 

infusion of technologies as TIF. 

Technology Identification, Evaluation, and Selection (TIES) [34] and Technology Impact 

Forecasting (TIF) [7][8]are two interrelated general methodologies for assessing the impact 

of infused technologies which are formalised for aerospace application. Both TIES and TIF use 

probabilistic tools, such as DoE, RSEs, and Monte Carlo Simulation. TIES, however, includes 

additional analysis tools, such as Morphological Matrix, Pugh Evaluation Matrix, and Multi-

Attribute Decision-Making method, to generate a portfolio of candidate technologies for 

initial consideration. TIES is an explorative technology forecasting method. It is applicable for 

specific technologies that are being developed today and predict the capabilities of these 

technologies in the future. The concepts and methods of TIES have been developed and 

applied to various vehicle concepts [35] [36]. 

TIF, on the other hand, looks at the overall technological improvement needed in a system 

disciplinary metric to determine which technologies have to be infused in a system in order 

to achieve the desired objective. More importantly, although TIF can be classified as a 

normative method, it can on occasion be used as an exploratory technique. It allows aircraft 

designers/decision-makers to start with future goals and works backward to identify how 

much improvement is needed to meet or exceed future customer requirements. It is also 

applicable to work forward to assess the impact of currently developed specific technologies 
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in a given system [8]. Such predictions can become incredibly useful for the decision of 

technology selection has to be made to invest. 

 

2.5 Technology Impact Forecasting (TIF)  
 

TIF provides the decision-maker with adequate confidence to rapidly assess the feasibility 

and economic viability of the proposed technology with accuracy and speed to reduce design 

cycle time, and subsequently, life cycle cost [11]. The heart and soul of TIF is to facilitate 

decision making for the selection of appropriate technology for infusion in a system, which 

subsequently reaches affordable conclusions [8].  

The overall TIF methodology flow chart is given in Figure 2 and more detailed information on 

TIF technology can be found in references [11][8]. 
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Figure 2 The current Technology Impact Forecasting process modified from [8]. 

2.5.1 TIF Methodology 
 

This section details the TIF methodology in the context of aircraft design. 

(1) Define the Modelling Environment 

 

In this step, a physics-based aircraft sizing and synthesis code is used to model the 

characteristics of advanced technology on the aircraft system and determine if a feasible 

solution exists. If so, the attainable range of system-level metrics can be determined. This 

code should allow designers to insert mission profiles, design variables, and constraints at a 
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given technology level into an aircraft configuration via an input file. Subsequently, code flies 

the input file incrementally, resizing the aircraft for a given input to meet the design mission, 

and parsing output for required system disciplinary metrics. These metrics, together with the 

geometric, weight, and propulsion characteristics of the aircraft are presented in the form of 

an output file, will then pass over to an economic code to perform an economic assessment. 

Normally a computer script is used to facilitate the multiple runs and changes the design 

variables. 

(2) Define the Baseline 

 

The baseline aircraft configuration must be defined to quantify the effects and impacts of 

new technologies on a given aircraft. This baseline represents the basic aircraft parameters 

before adding on any advanced technology (e.g., take-off gross weight, the payload of the 

aircraft, wing area, wing weight, etc). This baseline value acts as a benchmark to show how 

much improvement or degradation is caused by the infusion of new technologies. Hence, the 

assessment of new technologies is addressed by a comparison of the result with the baseline 

and evaluation of the deviations from its baseline. 

(3) Define variables and responses 

 

When a new technology is infused into the aircraft system, there are always uncertainties 

and risks are associated with it. In order to incorporate these uncertainties and risks into the 

model, the variability must be added to each design variable through the use of k_factors to 

model the impact of new technology on system disciplinary metrics, either benefit or penalty.  

As mentioned in the previous section, each k_factor (design variable) has an estimated 

impact value (range) to represent the boundaries of design space with respect to the new 

technology. A probability distribution is subsequently placed over the ranges set for each of 

those k_factors. This range should not only be large enough to increase the chances that the 

eventual optimal value is captured but also be as small as possible to ensure the result is not 



 

34 
 

erroneously skewed. The corresponding system responses (also called system disciplinary 

metrics) that vary with respect to the change in each of these variables need to be identified 

and selected in order to judge the goodness of the system associated with the infusion of this 

technology. These metrics should be pertinent and truly represent the customer (user) 

interests upon their objectives. 

(4) Create Surrogate Models 

 

The modern aircraft system is extremely complex, and most system responses of interest are 

a function of hundreds of design variables. By using surrogate models, the relative 

contributions of each design variable to the selected system response can be clearly 

identified through a simple polynomial equation.   Various methods can be used for creating 

surrogate models, such as regression techniques [37], kriging [38], and neural networks [39]. 

The TIF methodology was originally developed using RSEs methodology facilitated by the DoE 

process to create surrogate models. Once RSE has been created for each system response, it 

can be used to rapidly evaluate the impact of technologies based on a particular k_factor 

setting instead of executing the synthesis code directly. While the TIF framework does not 

preclude the use of other methods instead of RSE to create a surrogate model, their use 

remains the preferred method of implementation. 

i. Design of Experiment (DoE) Table 

 

The aim of DoE is to explore the relationships between input (i.e., design variables) and 

output (i.e., system response). It is expressed as a table, specifying which settings of design 

variables and combinations of their level to use for each experimental run, as well as the 

number of cases that will be run in the synthesis code. After each experiment or code 

execution takes place, the resulting responses (desired output from synthesis code) for each 

run will be subsequently added to the table. A statistical analysis software such as JMP [40] 

provides the ability to do this. Based on the obtained data, a statistically representative 
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model is created. There are many types of DoEs. To evaluate all possible combinations of 

design variables, a full factorial DoE is needed. However, the number of cases to run increases 

exponentially with the number of design variables and their levels. As a result, the 

experiment will quickly become impractical and very computationally expensive. For most 

purposes, a Central Composite Design (CCD) is considered to be an efficient compromise 

between accuracy and computational cost [41][42]. The CCD is frequently used for building 

a second-order polynomial equation for the response variables in RSE without using a full 

factorial DoE. It is based on a two-level factorial design with center points, augmented with 

a group of axial points to efficiently estimate first and second-order terms for RSE. It takes 

into account the portion of a full factorial that is needed and neglects third or higher-order 

interactions for analysis. Ultimately it uses only fewer combinations to come up with similar 

results to the full factorial design [43]. 

ii. Run the synthesis code 

 

After generating DoE table, synthesis code execution will take place, one execution for each 

DoE case. A computer shell script is used at this step to facilitate the automatic substitute in 

different values of the design variables specified by the DoE table. By running the code, the 

responses (output) of interest from the code will be extracted and filled in the response 

column of the DoE table. 

iii. Screening Test 

Before creating the RSEs, a screening test takes place to screen out some of the non-

contributing (lowest sensitivity to responses) variables to narrow down the number of design 

variables. An excessive number of design variables can make the RSEs generation difficult. It 

is beneficial, therefore, to restrict the number of variables to as few as possible. The 

screening test uses a two-level fractional factorial DoE to generate a linear relationship 

between design variables and the responses accounting only for the main effects of the 
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design variables on the response [41]. The results of this screening test are displayed on a 

Pareto Chart as illustrated in Figure 3. It ranks the variables according to the impact of their 

influence on the chosen responses. The individual influence of each design variable is shown 

as the horizontal bars on the system responses according to the result from the synthesis 

code. The cumulative effect of the variables is represented by the black solid line. The 

objective is to identify the variables that contribute 80% of the overall response. This means 

that all the variables that cumulatively affect 80% of the response should be kept and the 

rest of the variables eliminated (set as a default value and not bring to higher-order analysis). 

For example, the Pareto plot shown in Figure 3 indicates that the x1 contributes most 

significantly to the response, while all variables below x3 are negligible. 

 

Figure 3 Example of Pareto Chart 

 

The screening test must be done intelligently. Since it only tests the linear effects and no 

interactions are calculated, some variables may not show up as significant, when in fact they 

are. The care, therefore, should be taken before eliminating the non-contributing variables 

based solely on a screening test [44].   
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iv. Create the Response Surface Equations (RSEs) 

 

The RSEs are created by running the combinations of the variables as defined by the DoE 

table. Data is then extracted from the DoE table to perform a regression analysis to create a 

polynomial equation to determine the relationship between given design variables and the 

system responses. There will be one RSE generated for each system response and each 

system response will be a function of all design variables (k_factors).  These equations can 

rapidly determine the responses for a given value of the design variables, therefore it can be 

used to create surrogate models of the aircraft sizing and synthesis code. By using RSEs, the 

relative contributions of various design variables to the selected system responses can be 

clearly identified through a simple polynomial equation.  Once the designer has a new set of 

variables within the design space, these new data can be inserted into the pre-defined RSEs 

and the corresponding value of the responses can be calculated instantaneously through 

RSEs without having to recreate the equation or run further synthesis code. The system-level 

optimization is identified by finding the maximum and minimum of these equations. Note 

that, the RSEs are valid only within the design space (range of design variables) specified in 

the DoE used for its creation.  Typically, the response is first modelled using a second-order 

quadratic equation: 

𝑅 = 𝑏𝑜 + ∑ 𝑏𝑖𝑥𝑖 + ∑ 𝑏𝑖𝑖𝑥𝑖
2 + ∑ ∑ 𝑏𝑖𝑗𝑥𝑖𝑥𝑗

𝑘
𝑗=𝑖+1

𝑘
𝑖=1

𝑘
𝑖=1

𝑘
𝑖=1              (1) 

 

Where R is the desired response, 𝑏0 is the intercept term, 𝑏𝑖  are the regression coefficients 

for linear terms, 𝑏𝑖𝑖  are the coefficients for quadratic terms, 𝑏𝑖𝑗  are coefficients for 

interaction terms, 𝑥𝑖  and 𝑥𝑗  are the design variables and k is the total number of the design 

variables considered. If a second-order quadratic equation is found to not sufficiently 

capturing the possible curvature, other forms are possible, e.g., cubic polynomial, 

exponential, or logarithmic to improve the accuracy of the model. 
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(5) Analyse the TIF environment 

 

The TIF environment is given in the form of a prediction profile generated through JMP, with 

an example depicted in Figure 4. 
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Figure 4 Example of k_factors prediction profile 

 

Analysing the TIF environment is to assess how the responses vary with respect to change in 

each of those k_factors over the ranges investigated through a prediction profile. The vertical 

axis contains all the responses of interest, and the horizontal axis contains each of the 

k_factors. The gradient of the prediction curve indicates the sensitivity of the responses to 

the k_factors and the direction of the prediction curve indicates the relative influence (either 

positive or negative) each k_factor has on the response. The steeper the prediction curve, 

the more sensitive k_factors are on the responses, while a flat curve means the k_factor does 

not contribute significantly to the responses listed on the ordinate. The prediction profile 

also allows the designer to adjust the values of a k_factor by moving the vertical hairlines, 

and the corresponding values of the responses are updated instantaneously through RSEs. In 

this way, “What if” questions are answered through changing the assumptions in design 
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variables, and the corresponding response values (system disciplinary metric values) will 

update immediately. Hence, the designer can graphically change the assumption of k_factors 

made within the variable range and seek the optimal configuration. 

(6) Assign the Shape Function 

 

As mentioned early, the impact of technology on the design variables is probabilistic rather 

than a single number. Hence, a probability distribution (also called shape function) must be 

assigned to each k_factor within the certain range addressed for the RSEs. Figure 5 illustrates 

some typical shape functions. 

 

Figure 5 Example of shape function (a) Uniform and (b) Triangular Shape Function 

 

In principle, many available distributions can be used (e.g., uniform, triangular, etc.), 

depending on the amount of knowledge available for that particular variable. For low TRL 

technologies, little is known about the actual distribution due to incomplete knowledge. 

Therefore, a uniform shape function is used as a kind of first approximation, knowing that all 

values within the range (i.e., minimum and maximum) have an equal chance of occurring. 

The triangular shape function can be used when there is little knowledge about the 

probability of achieving certain values, referred to as the most likely value, and the minimum 

and maximum values are very unlikely to be achieved. Choosing a meaningful probability 

distribution for design variables is critical.  As the actual shape function is hard to predict and 

can heavily influence the final results. Hence, the designer has to rely on the impact 
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estimation based on expert opinions, physics-based modelling, and literature reviews to 

select distribution to ensure the shape functions are appropriate and reasonable to achieve 

a meaningful result. 

(7) Perform Monte Carlo Simulation 

 

 After determining the shape function for all k_factors, a Monte Carlo Simulation is performed 

by randomly choosing the value of k_factors from the shape function that is assigned. The 

system responses are then calculated through the use of the surrogate model (i.e., RSEs). The 

calculation is repeated multiple, each time using a different set of random values from the 

shape function, the results are collected to plot CDF for each system response (system 

disciplinary metrics) that indicate the probability of achieving a certain value. In the example 

in Figure 6, there is an 80% confidence that the take-off gross weight will be 156910 lb or less. 

This process is automatically performed within the JMP software. Monte Carlo Simulation 

provides a decision-maker with a range of possible value of system disciplinary metrics 

outcomes and the probabilities for that particular outcomes. 
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Figure 6  Example of Cumulative Distribution Function. 

(8) Evaluate the technology 
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Once the CDFs for the system responses are obtained, the technical feasibility and economic 

viability of new technology for a given system can be evaluated. This is done by comparing 

the value of the metrics from CDF with a re-defined baseline and evaluating its deviation. 

To do this, the decision-maker has to select an acceptable confidence level (e.g., 

80%,50%,20%, etc) associated with a given metric and read across from CDF to see the value 

achieved. The confidence level is related to the risk or uncertainty associated with this 

technology and the selection of these levels is purely subjective. It is the decision-maker’s 

discretion to decide the level of risk he/she is willing to absorb in the early stages of design. 

A low confidence level implies that the application of this new technology would be risky 

since the desired impact has a high probability of not being achieved. If the probability 

distribution is shown to improve the system disciplinary metrics with a high confidence value, 

that technology can be identified as worthy of further investigation. Conversely, if the result 

does not meet the confidence level set by the decision-maker, it will provide quantitative 

results for decision-maker to justify their decision in the early stage of the design. For the 

latter case, the decision-maker has a few options. One is to manipulate the assigned shape 

function to give a better probability of success and re-run the TIF process to see if the result 

can be improved. In this way, the decision-maker can identify which system disciplinary 

metric is the hardest to satisfy and by how much improvement is needed to meet the system 

requirement with adequate confidence. However, in order to do this, the designer has to 

make sure that this higher level of probability of success can be achieved. Another option is 

to examine other technologies before investing resources into this technology which might 

not meet the objectives.  

2.5.2 Limitation of TIF 
 

One aspect not considered with the previous applications of the TIF method is the low TRL 

technology. In general, technology forecasting for low TRL technologies has traditionally 
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been eschewed due to its limited data and knowledge may cause forecasting failures and 

disruptive surprises. Assessing the impact of a less mature technology can be difficult 

because their capabilities may not be completely realized until product implementation and 

service exposure occur. Besides, add the uncertainty of technology maturity into the TIF 

method will increase the degree of difficulty to model and identify the k_factors. Within the 

current TIF method, uncertainty was conceived solely in terms of probability theory. However, 

due to little or no experimental data, the impact estimation of low TRL technologies infusion 

must rely on expert’s subjective opinions. Such limited and imprecise knowledge of expert 

understanding about a real system does not sufficiently establish a full-fledged probabilistic 

modelling. This is not only because probability theory requires a great amount of information 

to construct the distribution, but also the expert seldom has an empirical or even experiential 

foundation for the estimate based on the frequency of occurrence. This formation of the 

models dominated solely by probability theory lead to TIF’s limited usefulness in extremely 

low TRL technologies. Despite this fact, the successful exploitation of innovation is crucial to 

a business being able to improve its processes. Nowadays, designers or decision-makers are 

facing an increasing demand to increase aircraft efficiency and productivity, improves their 

operating capacities and profitability, etc. Infusion of new or improved technology is often 

seen as an enabler to meet these demands. Moreover, the market is becoming highly 

competitive which has increased the pursue to adopt advanced technologies to meet the 

rapidly changing customer or consumer demands or needs, in order to become more 

competitive. It is therefore essential for the TIF process to have the capability to model a low 

TRL technology and evaluate its impact in terms of benefit, cost, and risk before this 

technology has been selected and fully developed, thereby giving direction to further 

resource allocation. 

Another downside of the TIF method is its limited usefulness in assessing the interaction of 

technology combinations. Assessing a single technology is quite straightforward, but often it 
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is more desirable to infuse multiple new technologies on the same subsystems. The ability to 

accurately predict the impact of technology combinations from a benefit, penalty, and 

affordability aspect of a design is of tremendous value to the decision-maker. Estimating the 

impact of a technology combination can be difficult since interactions may be dynamic 

and/or not well understood. For each candidate technology, the improvement or 

degradation caused by technology infusion is represented by the k_factors. Each of these 

k_factors represent parts of the technology concept. When multiple technologies are 

combined, these k_factors are then grouped together to form technology scenarios [45]. The 

current TIF method assumes that the effect of the combined technologies on the system 

disciplinary metrics is the sum of effects of the individual technologies being considered (i.e., 

sum of k_factors). In other words, their impact on the system is additive. However, the 

combination of these technologies is unlikely to be additive because it is common for 

compatible technologies that operate on the same subsystems to either degrade or enhance 

each other when applied together. Thus, the traditional TIF method tends to overestimate 

or underestimate the impact of technology combinations.  

In reality, complex systems are characterized by their large number of units and nonlinear 

interactions with each other [46]. The common method can rarely model the technology 

interactions accurately especially with low TRL technologies. Thus, it is desirable for the TIF 

process to capture all of the significant interaction/synergy between different technologies, 

in order to mathematically combine and probabilistically propagate uncertainties of different 

technologies in a single conceptual design (technology scenario) and map it into the aircraft 

model. 

2.6 Decision Making  
 

Regardless of the type of forecasting methods used, the role of technology forecasting is to 

support decision making. Decision making is a process of identifying and choosing a feasible 
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alternative from a set of available options. Every decision-making process produces a 

deliberate choice to change the objective, structure, and resource allocation for an 

organization  [4].  

To survive within today’s stringent economic environment, aircraft designers/decision-

makers are constantly facing an increasingly complex and challenging task to make better-

informed decisions between multiple objectives under time pressure, political considerations, 

and incomplete data. They often are required to perform the necessary trade-off studies to 

design the aircraft with the best system effectiveness at the lowest cost. To do this, the 

designer/ decision-maker must have complete knowledge about how innovative technology 

would affect the overall system effectiveness and a thorough understanding of the 

interrelationships between lower-levels and system-levels. However, creating a trade-off 

between multiple objectives such as cost, reliability, and performance of a system in the early 

design process can be challenging due to the inherent high risk and high uncertainty 

associated with new technology. Technological forecasting is critical in this process, as it 

provides the technical information needed to define alternatives, options, and consequences 

that feed into the decision-making process. In other words, the value of forecasting method 

lies not in whether the prediction comes true, but rather in how the information generated 

support making better decisions.  

In aerospace systems, designers/decision-makers face the challenge to balance the 

competitive objective, such as safety and efficiency. The balancing between objectives is not 

straightforward because an improvement in one objective often comes at the expense of 

another. Therefore, the designer/decision-maker has to rely entirely on the information on 

hand to decide how to weigh various objectives. This has created a growing need in the 

development of a forecasting environment to bring more information about a new (i.e., low 

TRL) technology to an earlier stage of the design process.  The idea put forth in this research 
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is that even though the information provided by TIF with high uncertainty present for low 

TRL technologies, it is still useful information in the context of decision making.  

2.7 Multi-Functional Composites 
 

Next generation aircraft must, by necessity, be lighter, stronger, and able to fly faster, higher, 

and farther while maintaining affordable operation costs. These conflicting requirements 

dictate the development of new materials: multi-functional composites offer a possible 

solution. These materials are capable of providing structural functions such as stiffness, 

strength, stability, and non-structural functions such as energy harvesting, detect damage 

and self-healing capability, and superior lightning strike protection, etc.  [47]. As the name 

implies, multi-functional composites materials are able to perform a variety of functions that 

eliminate the need for a combination of multiple materials on the same component so that 

the total mass and volume can be minimized to improve system-level efficiency [48]. The 

introduction of different functional capabilities will play a pivotal role in accelerating the 

development and manufacture of the products of the future. Dr. Richard Collins [49] has 

pointed out that the market for multi-functional composites material is expected to exceed 

5 kilotons by 2029. The aerospace and defense sector are the main demander of multi-

functional composites in order to increase aircraft mission endurance and payload capacity 

while maintaining its performance and capabilities. Although research on multi-functional 

composites in enhancing military capability and aerospace applications has started since the 

late 1990s, it still facing complex technical challenges on the path to its full commercialization 

[50]. Figure 7 shows the TRL of a variety of multi-functional composites [49]. 



 

46 
 

 

Figure 7 Technology Readiness Level (TRL) of Multi-functional Composites modified from 
[49]. 

 

The routes to increased TRL are challenging and time-consuming. The time needed to design 

and extended a new material to the point of full-scale application can take a decade to 

complete. Although the extensive primary research and experiment of multi-functional 

composites have been reported on several fronts, it is still decades away from flying these 

technologies on large aircraft [48].  The lack of technology to support scaled manufacturing 

and uncertainty with regards to the technological approach all have an influence on the 

design and fabrication for multi-functional composites material intended applications [51]. 

To date, there have been no studies on the development of a mathematical model to assess 

and quantify the impact of multi-functional composites when they are infused into the 

aerospace system. The research presented in this thesis focuses on creating a mathematical 

model that is specifically designed to evaluate, compare, predict the impact of multi-

functional composites in terms of benefit, cost, and risk on a real aircraft system. This will in 

turn enable the designer to replace the expensive and complex physical testing with simple 

virtual analysis to assess a new material concept.  
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Chapter 3 Gap Analysis, Objectives and Research Questions  
 

3.1 Gap Analysis and Objective 
 

The research gaps identified from the literature search are given below, which play a crucial 

role in understanding the research aim and help to formulate the research objectives. 

1) Limitation of applying TIF methodology to low TRL technologies. 

The review of past research shows that although a solid background in initial TIF 

methods has been devoted to mid-TRL technologies, shortcomings in using 

probability theory as the sole representation for uncertainty lead to their limited 

usefulness in extremely low TRL technology, such as the development of multi-

functional composites (TRL 1-2).  Due to little or no experimental data and incomplete 

knowledge, the impact estimation of low TRL technologies infusion must rely on 

expert’s subjective opinions, which is cannot be precisely dealt with probability 

theory.  Therefore, the first objective of this project is to 

➢ Create and develop a novel TIF process to allow system-level quantitative 

assessment of the benefit and penalty of low TRL technologies on a given 

system 

2) Lack of appropriate model that accurately captures attributes of multi-functional 

composites technology. 

A comprehensive literature review has shown that the multi-functional composites 

possess excellent properties and attractive features that can benefit the aircraft 

design. However, a way to quantify the benefits and drawbacks of this material to 

the aircraft system still remains unclear. A high level of uncertainties is associated 

with the low TRL of the multi-functional composites. Therefore, the second research 

objective is to  
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➢ Create a mathematical model that can accurately capture and quantify 

attributes of the multi-functional composites and their associated 

uncertainties. 

3) Existing TIF does not adequately capture significant interactions between different 

technologies.  

When considering the effects of multiple technologies in a baseline system, the 

existing TIF framework simply linearly sums up the effects of all technologies involved 

into one technology scenario under question. This method does not capture all of the 

significant interaction/synergy between different technologies and may be invalid. 

The method to mathematically combine and probabilistically propagate uncertainties 

associated with the multi-technologies remains unexplored. Therefore, the third 

research objective is to  

➢ Mathematically combine and probabilistically propagate uncertainties of 

different technologies in a single conceptual design (technology scenario) 

and map it into the aircraft model. 

3.2 Research Question 
 

Based on the literature review and the knowledge gap analysis, it was clear that a novel TIF 

method is needed to quantitatively assess the benefits and drawbacks aspect of infusing low 

TRL technologies into the aircraft system. This has led to the following research questions 

being constructed: 

1. How to create a mathematical novel TIF process which can be applied to low TRL 

technologies? 

2. How to develop a method to capture and model multi-functional composites and 

incorporate them into the overall analysis model? 
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3. How to develop a method to mathematically combine and probabilistically 

propagate uncertainties of different technologies?  

 

3.3 Research Aims 
 

The above research questions lead to the formulation of the overall aim of this research: 

“Create and develop a novel Technology Impact Forecasting method, which will allow 

system-level quantitative assessment of the benefits and penalties for low TRL technologies 

and test this method for multi-functional composites technology on an aircraft system”.  

 

The vision of this research is to: 

1) Provide preliminary aircraft designers with a framework for the assessment of the 

system impact of technology infusion and identify the worthiest of areas of 

investment. 

2) Quantify system-level impact, uncertainty, and risk of the proposed technology, in 

order to give direction to further resource allocation 

3) Ensure that the addition of new technology not only has concept feasibility but also 

concept viability. 

4) Provide a forecasting environment with the ability to bring design knowledge 

forward, allowing better more informed decisions to be made earlier 

3.4 Research Novelty 
 

By answering the research questions, fulfilling the research aim, and substantiating the 

research vision, the following research novelty will ensue:  

1) A novel Technology Impact Forecasting environment that allows system-level 

quantitative assessment of the benefits and drawbacks of low TRL technologies. 
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2) A new mathematical model to capture attributes of low TRL technologies, specifically 

multi-functional composites. 

3) A new method that allows mathematical combination and probabilistic propagation 

of multiple technologies 
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Chapter 4 Evolution of Technology Impact Forecasting 

Framework 
 

After reviewing the current state of the art of the TIF methodology in Chapter 2, it was clear 

that traditional TIF has limited usefulness in assessing the benefit and drawbacks aspect of 

infusing low TRL technologies into the aircraft system. It is therefore essential to create and 

develop a novel TIF method, which not only remains the advantage inherent within the TIF 

but also able to address their limitation. The chapter begins by investigating the concept of 

uncertainty and its several distinct types of uncertainty, highlighting the uncertainty is a 

multidimensional concept. It becomes clear that if the uncertainty is represented solely by 

probability theory that manifests only one of its dimensions.  The purpose of this 

investigation is twofold; firstly, to understand why the probability theory was challenged to 

handle all dimensions of uncertainty and secondly to identify possible solutions to them 

which can be used to create a novel TIF methodology. Possibility theory is then introduced 

as complementary to probability theory in order to manifest one of the dimensions of 

uncertainty induced by the expert's intuitive knowledge of the impact of immature 

technologies infusion. Each theory is capable of capturing only certain types of uncertainty. 

To capture all types of uncertainty, the concept of transformation is introduced to move from 

one theory to another as appropriate. The final section in the chapter introduces a mixture 

model to capture the interaction between technologies, which addresses the limitation of 

TIF for assessing the effect of multiple technologies. 

4.1 Data Collection 
 

Data as defined in the Cambridge English Dictionary is a distinct piece of information, and it 

is being collected to be examined and considered and used to help decision-making. It can 

exist in a variety of forms, such as text, numbers, pictures, sound, or video that are generated 
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from a wide variety of sources, including experiments, newspapers, E-mail, webpages, and 

even in person [52]. Synthesizing these different types of data from various sources and 

extracting useful and relevant information and conclusions from them for a particular 

analysis can be extremely challenging. Also, the quality of data to be used must be considered 

and assessed for reliability and timeliness. Additionally, the uncertainty in the data must be 

evaluated and presented appropriately [53]. The data collection is the primary and most 

important step for research, irrespective of the field of research. There are various methods 

of data collection, including observations, experiments, questionnaires, scientific journals, 

and visual analysis, etc [54]. Regardless of the method used for data collection, accurate data 

collection is essential to ensure that reliable data is collected so that data-driven decisions 

can be made for research.  Before starting the data collection, it is necessary to determine 

what kind of data is required for particular research.  

There are two general types of data: quantitative or qualitative.  Quantitative data is the 

value of information that can be measured or expressed as numbers. Conversely, qualitative 

data is non-numerical in nature and is unable to be measured. Quantitative data is collected 

through experiments, questionnaires, which are subsequently used for mathematical 

calculation and statistical analysis  [55].   Quantitative research is focused on exploring the 

meanings and patterns of relationship to predict the nature of a phenomenon or behaviour 

[56]. The results of quantitative research are easy to implement, summarize, compare, and 

generalize. Qualitative data is collected through observation, interview, group discussions, 

which is subsequently used to capture the feedback, opinions, views of a topic [57]. 

Qualitative research is focused on gaining insights, reasoning, and motivations for something 

to explore the effect [56]. Although quantitative and qualitative data provide different 

outcomes, they do not conflict with each other. They actually work much better together 

(either concurrently or sequentially) to obtain a full insight view of the field. A quantitative 

study is sometimes conducted to follow up on findings from qualitative data. Researchers 
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often begin a qualitative study as exploratory first if there is not much data in the literature, 

followed by quantitative study as explanatory leading to better and more accurate result [57]. 

4.2 Uncertainty 
 

Each source of data collection has an associated uncertainty. Uncertainty can be defined as 

situations involving imperfect or unknown information. In this research, TRL is a key source 

of uncertainty, but it is not a unique source of uncertainty. In general, the uncertainties 

arising in science and engineering disciplines can be commonly classified into two main 

classes, namely, aleatoric and epistemic [58]. Aleatoric uncertainty is a statistical uncertainty 

due to the inherent variation of some phenomena from a random process, such as flipping a 

dice or coin and predicting the outcome. This uncertainty represents the unknown outcomes 

that differ each time from a repeated or replicated experiment and hence is probabilistic in 

nature and can be dealt with a probability theory [59]. This type of uncertainty cannot be 

reduced or predicted by improving information or knowledge.  Epistemic uncertainty is a 

systematic uncertainty due to the incompleteness of knowledge about a system that causes 

a prediction to differ from reality [60]. Epistemic uncertainty arises from limited data and 

knowledge of a system or an environment. This type of uncertainty can be reduced with an 

increased state of knowledge [60]. Hence, epistemic uncertainty is not stochastic nature and 

can be dealt with Bayesian subjective probability, the theory of belief functions (Dempster-

Shafer theory) [61], fuzzy sets [62] possibility theory [63], etc.  

In the Bayesian subjective probabilistic framework, epistemic uncertainty is represented by 

means of a single probability distribution to express a person’s degree of belief about the 

outcome of an event, based on his/her current state of knowledge. The subjective 

probabilities have traditionally been used to represent and express epistemic uncertainty, 

but several scholars have argued that subjective probability may not be able to take all 

aspects of uncertain judgement into account [64][65]. One of the issues raised is that 
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subjective probability does not account for the distinction between two vastly different 

background knowledge. For instance, the subjective probability can be written as P ((𝐴|𝐾), 

where A denotes the event of interest and K denotes a person’s background knowledge. 

P (𝐴|𝐾1) =P (𝐴|𝐾2)  maybe applicable for very different background knowledge, e.g., a 

professional gambler will distribute his stakes evenly if he has full-fledged knowledge that all 

the options on which he is betting have equal strength. Whereas in the absence of any 

information (total ignorance), the neophyte will do the same for fear of financial loss [66]. It 

is clear that the knowledge in both cases is vastly different but the probabilities and metrics 

are the same. In the scenario of decision making, it is essential for the decision-maker to 

know whether the background knowledge supporting some event is strong or weak. The 

subjective probability, however, is not capable of expressing this difference. Furthermore, 

despite the experts have strong competence in the field being studied and are able to 

transform their knowledge into a probability distribution, the experts rarely have sufficient 

information to assign a subjective probability with some confidence, particularly when the 

background knowledge is weak [67]. Besides, since there is more than one expert in the field, 

the shape and value of subjective distribution may differ from one expert to another for the 

same problem. Two subjective distributions on two different frames of discernment 

representing the same problem may be incompatible with each other [68]. 

Due to the weak information available, the expert might find it difficult to assign single-

valued probabilities to quantify belief as expressing partial ignorance. For this reason, several 

alternative approaches have been proposed, such as belief function and possibility theory. 

Shafer [68] introduced the concept of belief function in his theory of evidence for knowledge 

representation and uncertain reasoning in expert systems. It is a generalization of the 

Bayesian theory of subjective probability. Contrary to probability theory which assigns a 

single value to even of interest, Dempster-Shafer’s theory allows for combining distinct or 

independent bodies of evidence and represent it by an interval, bounded by two values, 
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belief and plausibility respectively.  It is characterized by considers sets of propositions or 

hypotheses with respect to the uncertain events and assigns an interval to each set within 

which the degree of belief for the set must lie.  The belief function reflects the amount of 

evidence that supports the event, hence, it can be defined as the sum of the masses of all 

subsets (also called focal sets) of the proposition. Evidence for each subset can take a value 

between 0 (indicating no evidence) and 1 (denoting certainty). The plausibility function 

reflects the knowledge gained from the evidence that does not support the event [69]. When 

all subsets (focal sets) are nested, belief measure is called “necessity measure” and 

plausibility measure is called “possibility measure”, which are the basic elements of 

possibility theory.  When all subsets are singletons (single elements) or disjoint intervals, the 

belief measure and plausibility measures become a probability measure [70]. Therefore, 

technically, both probability theory and possibility theory are special cases of Dempster-

Shafer’s theory [68].  

Possibility theory is the simplest uncertainty theory devoted to express the strength of 

experts’ knowledge about the state of affairs [66]. The use of intervals as an alternative to 

“precise” (single-valued) subjective probabilities allowed for some imprecision of the 

assignment given the scarce knowledge. Possibility theory is different from but related to 

probability theory. It uses a pair of dual set functions called possibility and necessity 

measures to offer a simple, non-additive modelling of partial belief, which contrasts with 

probability theory. The possibility measure returns the maximum possibility for a related 

event, and necessity returns the minimum impossibility of that event [71]. Possibility theory 

stands at the crossroads between probability theory and fuzzy sets theory. It emerged as a 

complement of fuzzy set theory [72] to describe epistemic uncertainty about unknown 

quantities, since the motivation of fuzzy sets theory is to provide uncertainty statements 

about vague or ambiguous statements, but does not handle the uncertainty. Fuzzy sets 

theory uses a membership function to represent the degree to which a given value belongs 
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to a set. It deals with undefined extent and gradual properties, that is, the transition from 

possible to impossible is gradual rather than abrupt. 

To sum up, the subjective probability is not able to reflect the knowledge that supports the 

probabilities and ill-adapted to situations where the knowledge is sparse.  Fuzzy sets theory 

is a tool to describe the vaguely defined extent but does not describe uncertainty about 

unknown quantities. In the contrast, the distinctive features of possibility theory are its 

computational simplicity and its position as a bridge between probability theory and fuzzy 

sets theory for practical reasoning. It provides a useful tool for uncertainty propagation with 

limited statistical or subjective information, which makes it superior compared to other 

uncertainty theories. 

4.3 Possibility Distribution 
 

It is extremely difficult to estimate the potential impacts of a new technology because its 

desired impacts may not be completely defined. The uncertainties such as resources 

allocated, integration to the system, performance, cost, etc associated with the maturation 

of technology are usually accounted for in the form of variability distribution. The range and 

the shape of the distribution are functions of these uncertainties and can be changed as the 

information available. This section covers the concepts of Uncertainty, Possibility and 

Probability theories, Possibility-Probability Transformation, and the mixture model that can 

be adopted for application in the context of the present research. 

4.3.1 Definition of Possibility Theory 
 

In the area of aircraft design, the impact of a technology might have on system performance 

is represented with the use of probabilistic methods since the mid-1990s [31]. By considering 

the variability due to inherent uncontrollable technological and economic uncertainties, 

capturing and quantifying design uncertainty can be accomplished in a more mathematical 
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fashion. Using probabilistic methods became challenging, however, when faced with 

analyzing systems dominated by uncertainty in the form of lack of knowledge or little data. 

This is because probability theory requires a great amount of information to construct a 

distribution, but in many practical situations, the decision-maker has less information than 

required to use probability theory.  Using probability distribution with incomplete or partial 

information will distort the result of analysis in an unknown way, making any decisions based 

on the analysis highly suspect [73]. But for a new system where little is known or where 

physical testing is too costly to perform, prior knowledge and information are often 

unavailable. This lack of data and incomplete knowledge of the real world make useful and 

accurate assumptions and estimations extremely difficult. Moreover, since assumptions that 

are made under these circumstances are subjective and highly dependent on the experience 

and knowledge of the expert, the reliability of the model is ultimately uncertain. In response 

to these challenges, in 1978, Zadeh [63] introduced possibility theory to provide a 

complementary relationship to mathematically represent uncertainty and vagueness for the 

inherent variability of the evidential support based on human cognition.   

The foundational element of possibility theory is the possibility distribution, denoted 𝜋 

[63].The possibility distribution 𝜋𝑥(𝑢) ∈ [0,1] represents a state of knowledge (i.e. degree of 

possibility) about the assignment x = u , where 𝜋𝑥(𝑢)  can be any one number between 0 and 

1, and where 0 means x = u is considered an impossible (false) situation and 1 means that it 

is a fully possible (true) situation. If U represents the complete range of x (i.e., x ∈ U), then at 

least one of the elements of U should be fully possible as a value of x.  

4.3.2 Application of Possibility Theory  
 

In previous research, the impact of a technology was modelled as changes to variable’s 

baseline values, represented by technology “k_factors” [14]. The value of k_factors was 

assumed and estimated based on expert opinions through the use of probability distribution 
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(i.e. shape function) to represent the degree of likelihood of achieving a particular value [74]. 

Noting that these opinions are subjective and highly dependent on human perception and 

knowledge of that expert, the reliability is ultimately uncertain. The common method to 

solicit the opinions of experts relied on the Delphi method. Delphi method is a structured 

methodology based on the results of questionnaires and responses to reach a consensus 

from a group of experts and to use this estimate to inform the values of the k_factors through 

the identification of the likelihood of achieving a particular technological impact [75]. 

However, the Delphi method is quite time-consuming due to multiple rounds of 

questionnaires, interviews, and long temporal commitment. Additionally, biased estimates 

may occur because the facilitator’s view may dominate or influence the results. Finally, the 

knowledge of the experts and their geographic, cultural background, and location are all 

factors that may lead to poor technology forecasts. In this research, a possibility distribution 

is constructed to represent the expert cognition to estimate the plausible value of technology 

k_factors base on possibility theory [63]. Although the applications of possibility theory can 

be found in fields of operation research [76], data analysis [77], structural learning [78], 

database querying [79], belief revision [80], and argumentation [81], the application of 

possibilistic nature in technology assessment, particularly within the area of aircraft design 

has been rarely explored. This thesis presents the first investigation on the applicability of 

the possibility theory in the Technology Impact Forecasting (TIF) methodology. 

4.3.3 Construction of possibility distribution 
 

The possibility distribution contains the set of all the possible values which are predicted by 

experts’ confidence about the occurrence of related events. The construction of a possibility 

distribution for a variable is to collect a series of possible confidence intervals specified by 

experts. Therefore, it is necessary to introduce the concept of α-cuts. 
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1) α-cuts 

 

The α-cut of a possibility distribution 𝜋  is the set of all x within a universe of discourse U (i.e. 

x∈U) that contains all the possible values 𝜋(x) greater than or equal to α  can be written as 

𝐴α={x|𝜋(x)≥ α} for every α∈[0,1] [82]. Figure 8 shows an example where the  𝛼1-cut of the 

possibility distribution is given by the interval  [a, 𝑢1] ,and the 𝛼2-cut is given by the interval 

[b, 𝑢2]. The α-cut represents the confidence interval of presumption by an expert. In other 

words, there is at least one of the x values should be fully possible within this possibility 

distribution.  

 

Figure 8 Sample of a trapezoid possibility distribution. 

 

2) Constructing a Possibility Distribution 

 

A possibility distribution can be constructed through a series of nested α-cuts of presumption 

from experts. Assume there are 𝑛  nested α-cuts presumption from experts, where 

𝐴αi ⊆ 𝐴α(i+1) ⋯ ⊆ 𝐴αn ,  where ⊆  means “is a subset of “ and α𝑖>α𝑖+1 ⋯ α𝑛 , α𝑖 ∈[0,1], 

where 𝑛 ≥2. 
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To construct the possibility distribution, the number of confidence intervals from the experts 

has to decide to determine the domain of possible interest values for a particular variable. 

Clearly, the possibility distribution of the certain variable is improved as more α-cut are 

considered. However, increasing the number of α-cuts will also increase the computational 

expense. In principle, the possibility distribution can be any shape and does not need to be 

symmetrical, see Figure 9. The most common possibility distribution has been trapezoid and 

triangular. A generic trapezoid possibility distribution is illustrated in Figure 8. 

 

x

π (x)

x

π (x)

 x

π (x)

 

Figure 9  Example of possibility distributions 

 

4.3.4 Possibility versus Probability 

Possibility theory is different from but related to probability theory: probability theory 

predicts the degree of likelihood of things occurring, while possibility theory focuses on 

whether the occurrence of an event can happen or not [83]. To illustrate the difference 

between a possibility distribution and a probability distribution, consider the statement 

“ John’s car carried X passengers” [84], where X takes values in U=[1,2,3,…] and John’s car is 

five seats Volkswagen. Let 𝜋𝑥(𝑢) as the degree of possibility with which u passengers can be 

put in John’s car. Let 𝑃𝑥(𝑢) as the probability of John’s car carring u passengers. The values 

of 𝜋𝑥(𝑢) and 𝑃𝑥(𝑢) might be assessed as shown in Table 2. 
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Table 2 The possibility and probability distribution associated with X. 

𝑢 1 2 3 4 5 6 7 8 9 10 

𝜋𝑥(𝑢) 1 1 1 1 1 0.8 0.6 0.4 0 0 

𝑃𝑥(𝑢) 0.1 0.5 0.1 0.1 0.2 0 0 0 0 0 

  

Therefore, the degree of possibility with which 5 passengers can be carried in John’s car is 1, 

whereas the probability of John’s car carrying 5 passengers on an arbitrary day is 0.2. From 

this example, it is clear that the concept of possibility is expressed as the degree of feasibility 

or achievement: “can it happen?”, whereas the concept of probability is rooted in the 

perception of frequency:” how often?”. 

In addition, in the example discussed above, the corresponding property for probability 

distribution is  𝑃𝑥(𝑈)=∑ 𝑃𝑥(𝑢)𝑢∈𝑈 =0.1+0.5+0.1+0.1+0.2=1, which satisfies the probability 

axiom that the sum of the probabilities of all events equals to one. The property for possibility 

distribution, on the other hand, is given by the maximum of the possibility degrees of events, 

i.e. 𝜋𝑥(𝑈) = 𝑆𝑢𝑝𝑢∈𝑈𝜋𝑥(𝑢) = 1 . This heuristic connection between possibility 𝜋 and 

probability 𝑝 can be expressed as the possibility/probability consistency principle [63]. The 

principle claims that an event must be possible before being probable, i.e. 𝜋 ≥ 𝑝 [85], which 

is the basic requirement of possibility-probability transformations. 

4.3.5 Possibility-Probability Transformation 
 

In general, the probability theory offers a quantitative model in handling uncertainty where 

evidence is based on outcomes of independent random experiments. Possibility theory, on 

the other hand, offers a qualitative model for formalizing uncertainty that results from the 

information that is imprecise or partial ignorance [71]. These theories are not competitive, 

but rather are complementary of each other, with each representing different types of 

information and uncertainty.  There are some states of information that probability can 

describe while possibility cannot (e.g. randomness), and conversely, a probability distribution 
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cannot express ignorance [71]. It is therefore recognized that uncertainty is a 

multidimensional concept [70]. The multidimensional nature of uncertainty was obscured 

when uncertainty is conceived solely with one theory, which manifests only one of its 

dimensions. Therefore, the transformation between probability and possibility is necessary 

to capture the full scope of uncertainty [70]. The transformation from one theory to the other 

is dependent on the problem domain and the type of evidential information processed. 

Transforming a probability distribution to a possibility distribution leads to loss of 

information because the value is transformed from a point value into an interval value while 

transforming a possibility distribution to a probability distribution leads to the addition of 

information to some possibilistic incomplete knowledge to the content of the considered 

representation [82]. The former transformation is used when weak sources of information 

make probabilistic data unrealistic or to reduce computational complexity, the latter is useful 

in the case of decision-making. In many practical situations, the decision-maker has less 

information than required to use probability theory. When a decision must be made, the 

decision-makers beliefs and cognitions must be included in order to guarantee that no 

information is unwittingly obscured. Zadeh [86] claimed that an event must be possible 

before being probable. In addition, something that is probable must be possible, but 

something that is possible may not be probable. Therefore, a decision should be derived from 

a probability function which is transformed from a possibility function to represent all 

available information and account for all types of uncertainties. 

Assessing low TRL technologies as applied to complex aircraft system designs introduces 

uncertainties about the technology’s impact for decision-makers. Moreover, due to little or 

no available experimental data, future orientated forecasts are inevitably based upon expert 

cognition, which is mainly possibilistic rather than probabilistic in nature. Therefore, in this 

research, a possibility distribution is constructed using available information to estimate the 

plausible value of technology k_factors and subsequently transformed into a probability 
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distribution to predict the frequency of that value may occur. The principle of insufficient 

reason is used when transforming from possibility to probability distribution [87]. This 

principle claims that if there is no specific evidence of the ways an event x can occur, it should 

assume that the event will occur equally likely in any way. Therefore, the maximum 

uncertainty about the event that may occur on an interval can be described by a  uniform 

probability distribution on that interval [87]. According to this principle, the procedure for 

transforming a possibility distribution into a probability distribution is two steps. Firstly, an 

arbitrary α value within (0,1] is selected and consider the 𝛼-cut 𝐴α={x|𝜋(x)≥ α}.  Secondly, 

the x value is selected within this 𝛼-cut. So, if possibility distribution  𝜋 can be described by 

a finite set of 𝛼 -cut 𝐴α1,𝐴α2 ⋯ 𝐴αn corresponding to 𝜋1(𝑥) = 1 > 𝜋2(𝑥) > ⋯ 𝜋𝑛(𝑥) =

0 ,the probability density P resulting from a transformation of 𝜋 is given by 

                                             P(x)=∑
𝜋𝑖−𝜋(𝑖+1)

|𝐴𝛼𝑖|
𝑛
𝑖=1   (in discrete case)                     (2) 

or  

                                           P(x)=∫ 𝑑𝛼/
𝜋(𝑥)

0
|𝐴𝛼|   (in continuous case)            (3) 

where |𝐴α| is the length of the α-cut of 𝜋.   

For instance, if 𝜋 is a triangular possibility distribution with support [-1, +1] and modal value 

0, as shown in Fig.10 (A).  
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Figure 10  (A) Example of a triangular possibility distribution and (B) The transformed 
probability distribution. 

The transformed probability of x is given by 

𝑃(𝑥) =  ∫
𝑑𝛼

|𝐴𝛼|

𝜋(𝑥)

0
  

          = ∫
𝑑𝛼

|𝐴𝛼|

1−|𝑥|

0
 

                 = ∫
𝑑(1−|𝑥|)

2|𝑥|

1−|𝑥|

0
 

Let 𝑦 = 1 − |𝑥| , then 

𝑃(𝑥) = ∫
𝑑𝑦

2(1 − 𝑦)

𝑦

0

 

                                                                                  = [−
1

2
ln (1 − 𝑦)]

0

𝑦
                

                                                                                  = −
1

2
ln(1 − 𝑦) = −

1

2
𝑙𝑛𝑥 

Based on the procedure described above, a normal probability density function was obtained, 

as shown in Fig. 10 (B). It is worth noting that the collection of expert opinions to construct 

possibility distribution is outside the scope of this research, therefore the assumption is made 

that there is prior knowledge about the range and shape of possibility distribution for each 
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technology k_factors, which can be subsequently transformed into a probability distribution 

to predict the frequency of that value may occur. 

4.3.6 Parameters Estimation of Transformed Distribution 
 

The parameters (i.e., mean and standard deviation) of the resulting probability density 

function can be estimated by using maximum likelihood estimation (MLE). It is a well-known 

probabilistic framework that determines the parameters of a probability distribution by 

maximizing a likelihood function [88].  

Let  𝑥1, 𝑥2 ⋯ 𝑥𝑛  be random data from a distribution 𝑓(𝑥)  that depends on some 

parameters 𝜃. The likelihood function is defined by  

𝐿(𝜃) = 𝑓(𝑥1, 𝑥2 ⋯ 𝑥𝑛| 𝜃)                                                                         (4) 

Suppose each data (i.e. 𝑥1, 𝑥2 ⋯ 𝑥𝑛  ) is generated independently of the others, then the 

likelihood function simplifies to: 

𝐿(𝜃) = ∏ 𝑓(𝑥𝑖
𝑛
𝑖=1 | 𝜃)                                                                           (5) 

The goal of MLE is to find the parameters 𝜃 which maximizes the likelihood function: 

𝜃 = 𝑎𝑟𝑔 𝑚𝑎𝑥
𝜃

𝐿( 𝜃)                                                                                 (6) 

In practice, it is often convenient to take the natural logarithm of equation 5 to turn 

multiplication into addition, called the log-likelihood: 

𝐿𝐿 = 𝑙𝑛 𝐿(𝜃) = ∑ 𝑙𝑛 (𝑓(𝑛
𝑖=1 𝑥𝑖| 𝜃))                                                    (7) 

Maximizing a likelihood function means that it has to take the derivative of this function with 

respect to the parameters 𝜃 and set the derivative function to zero: 

𝜕 𝑙𝑛 𝐿(𝜃)

𝜕𝜃
= 0                                                                                                (8) 

The parameters can be obtained by solving equation 8. For example, the probability density 

function (PDF) of a normal distribution is: 
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𝑓(𝑥| 𝜇, 𝜎2) =
1

𝜎√2𝜋
𝑒

−
(𝑥−𝜇)2

2𝜎2                                                                       (9) 

The likelihood function of the normal distribution is: 

𝐿(𝜇, 𝜎2) = ∏
1

𝜎√2𝜋
𝑒

−
(𝑥𝑖−𝜇)

2

2𝜎2𝑛
𝑖=1                                                                  (10) 

The log-likelihood function for a normal distribution is: 

𝐿𝐿 = −
𝑛

2
𝑙𝑛(2𝜋) −

𝑛

2
𝑙𝑛 𝜎2 −

1

2𝜎2
∑ (𝑥𝑖 − 𝑢)2𝑛

𝑖=1                                    (11)  

Take the derivative of this equation with respect to 𝜇 and 𝜎2 and set the derivative function 

to zero: 

𝜕 𝑙𝑛 𝐿(𝜇,𝜎2)

𝜕𝜇
= 0                                                                                            (12) 

𝜕 𝑙𝑛 𝐿(𝜇,𝜎2)

𝜕𝜎2 = 0                                                                                            (13) 

The maximum likelihood estimators of the mean and variance for the normal distribution 

are: 

�̂� =
1

𝑛
∑ 𝑥𝑖

𝑛
𝑖=1                                                                                               (14) 

𝜎2̂ =
1

𝑛
∑ (𝑥𝑖 − �̂�)2𝑛

𝑖=1                                                                                 (15) 

 

In general, MLE is done through three steps. The first step is to decide which distribution for 

the given random variables that best describe these variables. Then, maximize the likelihood 

function with respect to the parameters of interest. Finally, solve the equation and find the 

value of these parameters. An author-created spreadsheet can be used to automatically 

calculate these parameters. Once these parameters are defined, the transformed probability 

distribution can be incorporated into the TIF environment as the shape function for each 

k_factors to represent the confidence estimate. 

4.4 Mixture Model  
 

As discussed in Section 2.5.1, TIF uses k_factors to represent the impacts of technology 

infusion. These k_factors can then be entered into aircraft sizing and synthesis codes in place 

of the original design variable to model the impact of the newly infused technologies on the 
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system disciplinary metrics. The existing TIF method assumes that the effect of the combined 

technologies on the system disciplinary metrics is the sum of the effects of the individual 

technologies being considered. This approach is not necessarily valid, as it may not capture 

all of the significant interaction/synergy between different technologies. Therefore, 

mathematical solutions should be explored that will allow the statistically valid combination 

of multiple k_factors probability distributions to be incorporated into the models while 

retaining traceability. To accomplish this, a mixture model is introduced which provides a 

principled approach to solve this problem. 

As its name implies, a mixture model is a probabilistic model for representing the presence 

of subpopulations within an overall population [89]. It is used to derive the properties of the 

overall population from its subpopulations, where each subpopulation of the data exhibits 

different characteristics within an overall population [89]. Formally a mixture model 

corresponds to the mixture distribution that represents the probability distribution of 

observations in the overall population. The mixture distribution is formed from a weighted 

combination of two or more component probability distributions where the random 

variables are drawn from more than one parent population [90]. The mixture distribution is 

similar to covariant distributions, e.g., joint probability distributions, which are both 

interested in the probability of two (or more) simultaneous events. However,  mixture 

distribution is used to derive how two (or more) events (i.e. subpopulations) affect the overall 

population, while joint probability distribution is used to show how two events affect each 

other, in other words, is to look for a relationship between two events [59]. In this research, 

we seek to study and analyse the effects of technology combination on the aircraft system, 

as well as their interactions. Although joint probability distribution can capture the 

interactions between technologies, it not able to estimate the impact of technology 

combination may have on overall system performance. The mixture distribution, however, 

provides a mathematically traceable manner of simulating technology combination, which 
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not only accounts for technology interactions but is able to derive their impacts on system-

level when they are applied together. 

4.4.1 Definition of mixture distribution 
 

For a given finite set of probability density functions 𝑝1(𝑥), ⋯ , 𝑝𝑛(𝑥)  or cumulative 

distribution function 𝑃1(𝑥), ⋯ , 𝑃𝑛(𝑥), and mixing weights or proportions 𝑤1, ⋯ , 𝑤𝑛, where 

𝑤𝑖 > 0 and ∑ 𝑤𝑖 = 1𝑛
𝑖=1  , the corresponding mixture distribution can be defined by the 

following formula:  

𝑓(𝑥) = ∑ 𝑤𝑖
𝑛
𝑖=1 𝑝𝑖(𝑥) or 𝐹(𝑥) = ∑ 𝑤𝑖𝑃𝑖(𝑥)𝑛

𝑖=1                      (16) 

where 𝑝𝑖(𝑥)  or 𝑃𝑖(𝑥)  are the component distributions and 𝑤𝑖 indicates how much each 

individual distribution contributes to the mixture distribution [91]. 

The mixture distribution can be formed from a different type of distribution (e.g. a  normal 

distribution or a T-distribution) or it can be formed from the same type of distribution with 

different parameters [91]. The mixture distribution allows the uncertainty of the overall 

population can be estimated from the pooled population without knowing which 

subpopulation a data point belongs to. In this research, when considering the effects of 

multiple low TRL technologies on a system metric, the assessment distributions from each 

technology can be mixed by using mixture distribution with a subjective weight to reflect the 

relative proportion. Therefore, the impact of interactions between technologies can be 

captured and incorporated into the model. 

4.4.2 Parameters Estimation of Mixture Distribution 
 

Since the impact of technology is represented by technology k_factors through the use of 

probability distribution, the effects of technology combinations can, therefore, be estimated 

by the mixture distribution. To accomplish this, it is essential to define the parameters of the 

mixture distribution and later, incorporate these into the TIF environment. 
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Consider a random variable 𝑋 with a mixture distribution with weights 𝑤1, ⋯ , 𝑤𝑛 , where 

𝑤𝑖 > 0  and ∑ 𝑤𝑖 = 1𝑛
𝑖=1  as described in Section 4.4.1. Assuming each component 

distribution has means 𝜇𝑖  and standard deviations 𝜎𝑖  . Then the mean and standard deviation 

of 𝑋 are [92]: 

𝜇 = ∑ 𝑤𝑖𝜇𝑖
𝑛
𝑖=1                                                (17) 

 

𝜎 = √(∑ 𝑤𝑖(𝜎𝑖
2 + 𝜇𝑖

2𝑛
𝑖=1 )) − 𝜇2                (18) 
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Chapter 5 Novel Technology Impact Forecasting Framework 
 

In this chapter, a novel TIF framework is developed and presented. Details of each step 

involved in the creation of this new methodology are provided. 

The novel TIF methodology developed to ascertain the impact of low TRL technologies on a 

given system is depicted in Figure 11. The blue boxes represent the original TIF process flow 

as reported in the literature [8] as detailed in Chapter 2. A brief overview of the traditional 

TIF methodology is presented as a basic outline of the entire method. The novel elements 

are shown as steps (3) and (5) will be discussed in detail.  

 

Figure 11 Novel TIF methodology process flow for low TRL technology. 

 

5.1 Traditional TIF Methodology 
 

➢ Step 1: Define the Modeling Environment 

The process begins by defining an appropriate synthesis code that can adequately 

models and sizes the aircraft under consideration. 
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➢ Step 2: Define the Baseline 

A baseline aircraft configuration is identified as a datum point to begin the feasibility 

and viability investigation. 

➢ Step 3: Define design variables and system responses 

The design variables and their ranges need to be defined which are used to model 

changes in technology and later incorporated into the synthesis code. The system 

responses need to be selected that are investigated for technical feasibility and 

economic viability. 

➢ Step 4: Create Surrogate Model 

A response surface equation is created for each system response which can be used 

in lieu of executing sophisticated synthesis code. 

➢ Step 5:  Analyse the TIF Environment 

The TIF environment is given in the form of a prediction profile generated through 

JMP software. Analysis of the TIF environment is to see how the system responses 

vary with respect to change in each of the design variables.  

➢ Step 6:  Assign the Shape Function 

A probability distribution function must be assigned to each design variable affected 

by technology infusing as a shape function, to determine the confidence of achieving 

a certain value of variables. 

➢ Step 7:  Perform Monte Carlo Simulation 

A Monte Carlo Simulation is performed by randomly choosing the design variable 

values based on the shape function that is assigned. The results are collected to plot 

CDF for each system response. 

➢ Step 8:  Evaluate the Technology 
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The final step is to evaluate the technical feasibility and economic viability of new 

technologies by comparing the value of the system response from CDF with its 

baseline and examine its deviation. 

5.2 Novel TIF Methodology 
 

The novel TIF methodology addresses, in depth, the technological uncertainty and provides 

a robust means for assessment. 

➢ Step 1: Define the baseline  

The process begins by choosing the baseline aircraft configuration to establish the 

datum values for all system disciplinary metrics of interest. 

➢ Step 2: Define the design variables and system responses 

A design variable, as the value of k_factors, such as wing weight, complexity factors 

is identified as change with respect to the variable’s baseline value. These design 

variables are allowed to vary between the stated range to show the impacts of 

technology infusion. In order to incorporate a set of design variables into the model 

and conduct system-level analysis, a computer script was created to facilitate 

automatic multiple runs and allows quick change of these variables. Subsequently, 

the system response of interests is selected, (e.g., take-off gross weight and 

operation support cost) and later used to evaluate technical feasibility and economic 

viability.   

➢ Step 3 Design space exploration 

A distribution is placed over the ranges set for each of these k_factors by the axioms 

below: 

i) If there is physics-based quantitative data from literature reviews and 

experiments, a probability distribution can be assigned. 
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ii) If there is qualitative data from technology expert opinions, a possibility 

distribution can be assigned 

iii) If there are both quantitative and qualitative data from heterogeneous data, a 

transformed probability distribution from possibility distribution can be assigned. 

iv) If there are multiple technologies apply to the same subsystem, a mixture 

distribution should be performed to account for the technology interaction. 

➢ Step 4 Create DoE table 

The DoE table can be established using the above mentioned design variable. 

➢ Step 5 Run the Analysis Code 

The TIF methodology depends on manipulating an appropriate model to assist 

benchmark the proposed technology. The objectives of this research include the 

creation of a model for low TRL technology with appropriate uncertainty bands to 

enable the propagation of impact effects through a multi-scale model without loss 

of traceability. Thus, a multi-scale synthesis modelling framework was created for 

this research, namely, material model, wing model, and aircraft model as shown in 

Figure 12.  

 

Figure 12 Multi-scale modelling framework. 
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Each of these models has its own database, algorithms, and relationship to analysis. 

The input of each model can be manipulated, and the output format lends itself to 

easy parsing of data. An author-created shell script can be used as an interlinkage to 

link each model, which facilitates automatic multiple runs and allow quick change of 

input variables. A new mathematical material model has been created to allow the 

consideration of the multi-functional attributes of the new composites to be 

assessed both independently and in conjunction, at the system-level. This model will 

then be fed to a higher-level model through k_factors and incorporate into the 

overall analysis framework. An intermediary wing model was extracted and modified 

from the aircraft model to take the output from the material model as the inputs to 

conduct its analysis and generate output, which will, in turn, serve as the inputs into 

the aircraft model without loss of compatibility with the aircraft model. Finally, a pre-

existing aircraft model with adequate modification was employed in order to create 

a system-level framework to conduct critical analysis and optimization.  Once these 

models are created and populated, it represents an elaboration of the 

independence-interdependence framework to conduct rapid trades, change 

assumptions, and the requirement for the different material concepts. Any changes 

in the material model can thus be propagated through the wing model all the way 

up to the aircraft model to measure the performance of the proposed material on 

the aircraft system.  Instead of optimizing an aircraft, the impact of material selection 

and trade-offs can be made between the wing model and material model without 

having to run a sophisticated, time-consuming aircraft model. By allowing variation 

of inputs in the material model, the designer or decision-maker can explore the 

impacts of their choices and then make decisions, in real-time.  
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➢ Step 6 Create Surrogate Models 

An RSE is generated for each system response, and each system response is a 

function of all k_factors. RSE is valid only for the range of values specified in the DoE 

used for its creation. 

➢ Step 7 Analyse TIF Environment 

The result from DoE and RSEs is analysed by using JMP software and a prediction 

profile is generated to intuitively see the effect of each design variable on the system 

responses. 

➢ Step 8 Assign the shape function  

The pre-defined distribution for each k_factors in step 3 is used here as a shape 

function. 

➢ Step 9 Run Monte Carlo simulation 

A Monte Carlo simulation is then performed, and the result is given in CDF or PDF 

that indicates the confidence of achieving a certain value. 

➢ Step 10 Evaluate the Technology 

Compare the result from CDF or PDF with the baseline to assess the impact of 

technology in terms of benefit, cost, and risk.  

The current state-of-the-art TIF has mainly been applied to aircraft systems, however, the 

potential applications of the novel TIF method are numerous. The steps required for 

implementation are generic, therefore, any complex system could be analysed. The premise 

is that a modelling environment must exist whereby the impact of a technology can be 

quantitatively assessed. Furthermore, the technologies to be infused into the system must 

be quantifiable. One of the major advantages of the TIF method is that it can be used without 

specific technologies to create a forecasting environment. By changing the technology 

k_factors values, the corresponding system responses value can be examined to determine 

if the target metrics can be met as technologies are introduced. Therefore, the basic 
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requirements for the application of TIF include the ability to establish the value of k_factors 

which guide the decision-maker in selecting appropriate technologies for infusion. 

One final note should be made regarding the validation of the novel TIF method. The method 

validation is to confirm that the outputs from the method have enough fidelity to represent 

the result of the real world. To validate the entire method, the reference data and 

information regarding the expert predicted technology impact, decision, aircraft 

configurations, etc are required. Yet, the detailed information is typically considered 

proprietary and is not available to the public. Therefore, the likelihood of the entire method 

being validated is minute. However, it is important to note that the traditional TIF process 

has been demonstrated/validated in the relevant environment. For example, Soban and 

Zeune [45] applied TIF to assess the potential impacts of both currently developed 

technologies and notional advanced concept technologies on a notional medium-range short 

takeoff and landing aircraft. The results showed that the TIF methodology can provide 

credible, traceable, and relevant technology assessment information to the decision-maker 

for optimum allocation of company resources and technology program decisions.  Psallida et 

al. [93] examined TIF methodology on a conventional submarine design and concluded the 

method is a powerful and appropriate tool in this context. Furthermore, Mavris et al.[11] 

applied TIF methodology for the first time in a military system and concluded that the 

methodology greatly benefited the decision-maker when quantifying the effects of 

technologies. All of the above work has shown that the traditional TIF method is validated 

for mid-TRL technologies. Hence, the element to be validated is the accuracy of the result as 

obtained from the use of possibility theory and mixture model.  Due to a lack of the actual 

data of the system, the only approach for validation would be a comparison of output 

between the novel and the traditional TIF method to verify whether the fidelity of 

estimations can be improved, which is discussed in the next few chapters. 
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Chapter 6 Multi-Scale Modelling Framework 
 

It is time-consuming and expensive to build an aircraft prototype for new technology 

validation. The use of model avoids this problem and assists the designer/decision-maker to 

make the right decision before making real-world changes, thus is a cost-effective method.  

The purpose of the model is to replace expensive and complex physical testing with a simpler, 

quicker, and less expensive mathematical model to evaluate, compare and predict the 

behavior of new technology on a complex system. In this section, a detailed description of 

the novel process which was conducted to create a multi-scale modelling environment and 

the pertinent information (i.e., model overview) used for the specific test case of multi-

functional composites is introduced. 

6.1 Model Creation 

Three models are considered in this work, namely, the material model, wing model, and 

aircraft model as shown in Figure 13. A detailed description of the process for each of the 

models is presented and discussed as follows. 

 

Figure 13 Multi-scale modelling framework of Technology Impact Forecasting 

6.1.1 Material Model  

The material model was created through Visual Basic Software (version 7.1) within Microsoft 

Excel for  Office 365 ProPlus (2019) [94], database was collected from extensive literature 

review considering various aspects of multi-functional composites materials to date.  This 
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material model contains dimension, thickness, density, cost, and the content of each 

constitution of the composite's compositions as input variables, and the output of the model 

contains the weight, cost, and properties of finished multi-functional composites. 

Subsequently, these outputs from the material model have to propagate upwards and 

ultimately fed into the aircraft model. As the material model requires fine-scale details which 

never can be ascertained at the aircraft model due to its limited fidelity in material choices, 

especially for the new material concept. Hence, the only viable alternative is to quantify the 

impact of the material concept on an intermediary model in the presence of uncertainty. In 

this way, their impact can be incorporated into the aircraft model analysis without undue 

complexity. 

6.1.2 Wing Model 

For most aircraft, wing weight is a significant structural weight. Therefore, a physics-based 

wing model is necessary to allow variation of design variables used to describe the state of a 

wing such as wing area, wing sweep, taper ratio, etc. This wing model has to be user-friendly 

and lead itself to quickly and easily changing inputs, thus, to calculate the effects of materials 

choices on the wing weight, cost, and performance, which in turn facilitate the technology 

trade-off studies.  It serves as a link between the material model and the aircraft model. The 

wing model takes the output from the material model as its inputs to conduct its analysis and 

generate outputs (e.g., wing weight, cost, and performance), which will, in turn, serve as 

inputs into the aircraft model. The outputs from the aircraft model will then be used to 

analyse the system's effectiveness. Any changes in the material model can thus be 

propagated through the wing model all the way up to the aircraft model.   To accomplish this, 

the outputs of the wing model must be compatible with the inputs of the aircraft model 

which can guarantee validity and retain traceability. Therefore, the wing model in this 

research was established by extracting and modifying the wing baseline values from its own 

aircraft model to assess the impact of the material features. 
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6.1.3 Aircraft model 

The aircraft model is usually complex with high fidelity which provides designers with a better 

understanding of the physical interactions among various sub-system components of a 

complex aircraft system. All physics-based aircraft sizing and synthesis tasks for this research 

utilized the Flight Optimization System, FLOPS, a pre-existing and well validated 

multidisciplinary system of computer programs, which is aimed to assist in the conceptual 

and preliminary design and analysis of different aircraft configuration [95].  This code has its 

own optimization routine, which gives the designer the option to insert the value of design 

variables such as wing weight, mission range and thrust to weight ratio, etc. via an input file.  

Such input files, including the detailed size of aircraft, component weights, aerodynamic, 

propulsion data, production data and a mission profile will insert into FLOPS via a shell script 

to facilitate automatically multiple runs and change input variables. Subsequently, FLOPS will 

resize the aircraft given a change in inputs and parsing output for the required response 

values and determines if a feasible solution exists. The results are presented in the form of a 

basic text output file, containing a list of component weights, geometric and performance 

characteristics of the specific aircraft. This information is then sent on to the Aircraft Life 

Cycle Cost Analysis (ALCCA) [96], where economic uncertainty is introduced to perform an 

economic assessment and determine whether the technology is economically viable.  It is 

worth noting that the most feasible technology may not be the most economically viable or 

most affordable. Even though all performance requirements have been met, the 

designer/decision-maker still strives to determine which technology (technologies) will 

become the most economically viable. In this way, the outputs of the aircraft model are the 

system-level metrics that are used to measure the effects of technology on system 

effectiveness. Any assumptions that are made in the material model will be propagated 

through the aforementioned wing model all the way up to the aircraft model. Therefore, the 

system disciplinary metrics in the aircraft model are functions of the vectors of the wing 
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model, which in turn are functions of factors of material model.  In other words, the outputs 

(system disciplinary metrics) of the aircraft model will be a function of a set of design 

variables (i.e., k_factors). By changing the assumption in the material model, the 

designer/decision-maker can periodically evaluate the effect of material features in each 

model, this means that “what if” games can be played not only at the individual model but 

across all the models. 

It is worth to mention that the maintenance costs within ALCCA have been enhanced and 

modified for this research with an adaptative ATA (Air Transportation Association of America) 

method for estimating direct operating cost [97]. The current method within ALCCA is the 

American Airlines model [98] which requires many input data for the parametric equations 

consisting of the aircraft purchase price, seating capacity, maximum gross weight, number of 

electrical generators, and their rating in kilovolt amperes (KVA), the number of inertial 

navigation systems, the air-flow capacity of the air conditioning package, and the flow 

capacity of hydraulic pumps, etc. The difficulties, therefore, arise in utilizing this method for 

this research purpose are many non-relative variables to be taken into account to estimate 

the maintenance costs. In addition, this type of information is typically considered 

proprietary and is not available to the public. Therefore, an alternative model, ATA method, 

was used here. This method not only able to provide an accurate result with the application 

of serval adjustive constants within ATA’s equations, but its input parameters such as 

airplane empty weight, engine thrust, airframe, and engine initial cost are more relative to 

resource needs within this research.   

6.2 Model Overview 
 

This section outlines the datum values used for the subsequent case study to explore the 

validity and utility of the novel TIF method. These values, however, can be slightly different 

for each test case and will be detailed where necessary. 
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6.2.1 Model Assumption 

Table 3 list the primary economic assumptions used throughout this research. The year is 

assumed to be 2019 with all economic analyses being performed in US Dollars. The values of 

the labor rate were assumed from following reference [99]. 

Table 3 Economic assumptions used in this research. 

  Description Abbreviation Value 

Rate 

Average Annual Inflation Factor (%) API 3.92 

Engineering Labor Rate($/hr) RE 55.43 

Tooling Labor Rate ($/hr) RT 27.05 

Maintenance Labor Rate($/hr) RL 30.53 

Spares 
Airframe Spares for Production (%) AFSPAO 6 

Main Engine Spares for Production (%) ENSPAO 23 

Financing 
Rate of Return for the Airline (%) RTRTNA 12 

Hull Insurance (%) FINSUR 0.35 

Depreciation 
Depreciation Period DEPLIFE 20 

Residual Value at end of Economic Life (%) RESDVL 10 

 

The assumption can be made that the wing of the aircraft would only consist of composites 

and non-composites, meaning the percentage increase in composites would incur a similar 

percentage decrease in non-composites and vice versa. The FCOMP (decimal fraction of 

amount of composites used in the wing structure) factor within the FLOPS program was used 

to define the percentage of composites and non-composites within the wing. 

6.2.2 Aircraft Baseline 

The aircraft baseline configuration used throughout this research is a short-medium range 

commercial transport aircraft, Airbus A320. The baseline aircraft configuration examined in 

this research was assumed for a 1600 nautical miles mission with the maximum cruising 

altitude of 35,000 ft at Mach number 0.78. The payload of aircraft was assumed to be 150 

passengers and their baggage, two flight crews and four flight attendants, two wing-mounted 

engines. The mission has been divided into a taxi out, climb to maximum altitude and cruise 
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at Mach 0.78, and finally descend and land to the destination airport as shown in Figure 14. 

The basic aircraft parameters are listed in Table 4. 

Table 4 Baseline aircraft parameters used in this research. 

Parameter Baseline Unit 

Take-off Gross Weight 158,317.9 lb 

Thrust-to-weight ratio 0.3 - 

Wing area 1330 ft2 

Wing aspect ratio 9.39 - 

Wing sweep 25 degree 

Wingspan 111.75 ft 

Wing taper ratio 0.24 - 

Utilization 3,800 block hour/year 

Number of climbs 1 - 

 

A320 is the first subsonic aircraft to incorporate composite primary structure [100], which 

constitutes 28 percent of the weight of the A320 airframe [101]. It is therefore that the 

percentage of composites materials used in a wing structure is 28 % (i.e., FCOMP=0.28 within 

FLOPS) in this research.  

Taxi Out

Cruise

Landing

1600 Nautical Miles 
 

Figure 14  Baseline mission profile 
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6.2.3 Design Variable and System Responses 

 

The design variables and system responses are at the heart of the analysis. The design 

variables adequately represent the influence (i.e., enhancement or degradation) associated 

with the new technology on a given system. The system responses that are modified by all 

the design variables from each model need to be identified and selected in order to measures 

the system's effectiveness and fed into the next level analysis.  

6.2.3.1 Variable Selection 

In this research, three of the complexity factors were considered as k_factors due to the 

increased complexity in processing, fabrication, assembly, and tooling equipment associated 

with the addition of new technologies. By using these factors, the improvement or 

degradation caused by the proposed technology and the corresponding cost increase or 

decrease can be quantified. The factors of the learning curve were also used to account for 

the introduction of new skills for engineers and laborers to predict the cost required for 

future cycles of construction activity. A specific k_factor MMC (maintenance man-hour per 

block hour changed) is used to model the change in man-hour needed per block hour for 

maintenance with respect to the new technology based on experts' subjective experience. 

Table 5 compiles all the design variables (i.e., k_factors) used throughout this research. The 

baseline of each design variable was set to their default value within FLOPS/ALCCA. 
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Table 5 The design variables used in this research. 

Design Variables Variable Baseline 

Complexity factor for composites wing structure basic 
design engineering 

k_CFWCO 1 

Complexity factor for composites wing tooling and factory 
test equipment 

k_CFWCOTF 1 

Wing structure composites complexity factor k_CFWINGCO 0.502 

Airframe Learning Curve Factor k_LEARN 82 

Assembly Learning Curve Factor k_LEARNAS 82 

Maintenance man-hours per block hour changed by using 
new technology 

k_MMC 0 

 

6.2.3.2 Responses of Interest 

Once all design variables (i.e., k_factors) are determined, the appropriate system responses 

(i.e. system disciplinary metrics) that vary with respect to change in each of the design 

variables need to be identified. The enhancement or degradation caused by new 

technologies is often measured through these system disciplinary metrics they affect.  It is 

often identified by a comparison of the infusion of the proposed technology to the baseline 

and evaluation of the system responses value deviations. The metrics that are highly likely to 

be influenced by the implementation of the proposed new technology in this research are 

aircraft weight, size, and cost are listed in Table 6. 

Table 6 Responses of interests for the selected aircraft system.  

Response Description 

Aircraft 
Weight and 

Size 

TOGW Take-off Gross Weight (lb) 

OEW Operating Empty Weight (lb) 

FUEL WT Fuel Weight (lb) 

W/S Wing Loading (lb/ft2) 

THRUST Engine Thrust (lb) 

Aircraft 
Cost 

RDT&E 
Research, Development, Testing and Evaluation Cost 
($M)  

OSC Operation Support Cost ($M) 

FUC First Unit Cost ($M) 

AUAC Average Unit Airplane Cost (including spares) ($M) 
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Responses of aircraft weight and size 

 

Take-off gross weight (TOGW) is the maximum aircraft weight when the pilot is allowed to 

attempt to take off. It has historically been the key system disciplinary metric in aircraft 

design, with the emphasis always on minimization. It is one of the primary driving forces in 

aircraft design, a lower TOGW requires less fuel consumption and operation cost. In addition, 

the technically feasible design can be determined due to the operational ceiling exists on this 

metric. The operation empty weight (OEW) is an aircraft weight parameter similar to TOGW 

but excludes usable fuel and payload of the specified mission. The fuel weight was chosen as 

a system response in this research because it is the key metric closely relative to commercial 

aircraft affordability. The engine thrust and wing loading are also tracked as aircraft sizing 

responses since increased aircraft weight and fuel volume requirements impact the aircraft 

thrust and wing loading. 

Responses of aircraft cost 

 

The economic assessment was examined through top-level (i.e., ALCCA) responses, such as 

Research, Development, Testing and Evaluation Cost (RDT&E), First Unit Cost (FUC), Average 

Unit Airplane Cost (including spares) (AUAC) and Operation Support Cost (OSC). It is 

especially difficult to accurately estimate these changes because each airline or 

manufacturer has its own method for estimating these costs related to their particular type 

of design, operation, production rate, and accounting procedures. In addition, the value of 

these is highly time-dependent, therefore, the results of these responses within this research 

are only used to simply assess the influence of the change by the technology infusing at the 

system-level.  New technology has a marked impact on RDT&E cost, as it requires a new 

design and development program to research and develop the aircraft fleet.  Moreover, the 

aircraft design decisions have a significant effect on the cost of aircraft manufacture, 

equipping the basic aircraft, and the subsequent cost of operating it. The affordability of a 
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product is not only based on the initial acquisition cost, but also the operation and 

maintenance costs associated with the product throughout its entire life cycle. It is therefore 

essential to understand how its changes are influenced by the design choices at the aircraft 

system in an earlier stage of the design process in order to effectively reduce cost.  
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Chapter 7 Test Case-Lightning Strike Protection Material (LSP) 
 

The following chapters provide a more in-depth literature review of two types of multi-

functional composite material in order to identify relevant measures and assessment 

procedures that can be leveraged for this research.  

7.1 Introduction 
 

Carbon fibre reinforced polymer (CFRP) composites are widely used in aircraft structures, 

such as wings, fuselage, stabilizers, and turbine housings, due to their high specific 

strength/stiffness, lightweight, and corrosion resistance compared to conventional metallic 

materials [102]. However, the low electrical conductivity in the composite thickness direction 

makes them susceptible to lightning strike damage. The highly concentrated lightning current 

(up to 200,000 A [103]) in lightning strikes can cause serious damage to composite structures 

as a result of Joule heating, matrix resin decomposition, acoustic shock, and magnetic force 

effect, etc. [104][105].   

To ensure aircraft safety during its operation, highly efficient lightning strike protection (LSP) 

is essential for CFRP-based aircraft. The role of LSP is to provide a conductive path on the 

outer surface of the airplane for the lightning current to flow through the aircraft without 

causing serious damage [106]. The common LSP solutions in aerospace industries include 

bonding metallic (e.g., aluminum or copper) mesh or foil to the composite structure as an 

outer laminate ply or incorporating conductive material into the composites to enhance its 

overall electrical conductivity. For example, metallic foils were deployed for aircraft 

composite panels for Airbus A350 XWB [107] and Boeing 787 Dreamliner [108], while 

nonwoven copper mesh has been used as LSP for Adam A700 [109]. Although these methods 

can efficiently protect the aircraft from concentrated lightning energy, the high density of 

the metals (167.9 lb/ft3  for aluminum and 557.5 lb/ft3 for copper [106]) brings weight 
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penalty to aircraft which in turn generates additional cost. In addition, metal-based LSP has 

other limitations such as low adhesion at the metal-polymer interface, potential galvanic 

corrosion (particularly for aluminum-based metal), uneven surface, etc. To address these 

limitations, some researchers have proposed new LSP solutions where conductive polymers 

were incorporated into the epoxy matrix to increase the electrical conductivity of CFRP 

structures. For instance, the electrical conductivity of CFRP (especially in its thickness 

direction) can be enhanced by mixing intrinsic conductive polymer polyaniline (PANI) with 

epoxy when preparing the CFRP matrix [110][111][112]. Although the electrical conductivity 

of CFRP can be increased by 20-fold, such technology suffers from a major limitation in terms 

of compromised CFRP mechanical properties. The flexural strength of PANI/epoxy 

composites is three times lower than that of the typical epoxy used in the aircraft industry 

[113]. 

Today, expanded metal foils are increasingly used for LSP in composites aircraft structures. 

The expanded foils are fabricated from solid metal foils, which are then perforated and 

stretched to form diamond-shaped grids to allow for better draping over compound curves 

during bonding to a composites structure [114]. Expanded foil is considered as a good 

candidate in LSP due to its anisotropic electrical conductivity characteristics. Reviews of 

literature show that the extent of lightning strike damage is much less when the structure is 

protected with such a conductive layer [115]. Despite the lower areal weight of these 

expanded foils (e. g. 0.015~0.029 lb/ft2  [115]), a structural adhesive film is required to 

increase the adhesion at a metal-polymer interface, which inevitably introduces parasitic 

weight. 

Recently, Kumar et al. [116]  developed a novel, all-polymer based LSP system based on a 

conductive polymer adhesive layer applied on the surface of CFRP before curing.  A mixture 

of PANI, dodecyl benzenesulfonic acid and the crosslinked polymer divinylbenzene was used 

to prepare a PANI-based adhesive conductive resin, which was subsequently applied on the 



 

89 
 

surface of the CFRP before curing  [116]. The density of the prepared PANI-based LSP layer is 

only around 1.0–1.1 g∕cm3 (62.4 ∼ 68.7 lb/ft3), and it does not cause corrosion issues. 

Results show that the electrical conductivity of the PANI-based LSP layer can be as high as 

100 S/m in all directions, which is much greater than that of the unprotected CFRP (0.22 S∕m 

in the thickness direction). Experimental results show that such a LSP system can effectively 

dissipate the simulated lightning current up to 100 kA while retaining 100% of the residual 

strength of the CFRP, giving a similar performance to that of the metal based LSP solution. 

Therefore, it has been considered as a very strong contender for next-generation LSP 

technology.  

In this chapter, novel mathematical models were created to capture and quantify the impact 

of the proposed new technology in the area of technology feasibility and economic viability. 

This chapter outlines the preliminary research where TIF is applied for the first time for a low 

TRL technology, i.e., PANI-based adhesive layer as a novel LSP solution, in the context of a 

commercial aircraft system. The feasibility of using novel TIF to explore the impacts of the 

novel LSP technology on the wing of a representative commercial aircraft will be investigated. 

The analysis starts with using the traditional TIF method to compare the potential benefit 

and penalty associated with the use of this new LSP technology with the traditional metal 

mesh and more widely used expanded metal foil. The analysis is then repeated using the 

novel TIF method to compare the results and thereby to explore the validity and capability 

of the novel TIF method. 

7.2 Material Model Creation 
 

The material information to be deployed for the material model was based on reference 

[116][117] and has  been listed in Table 7.  
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Table 7 Materials information within the LSP model. 

LSP layer Constituents 
Weight %  

(within the polymeric LSP 
layer) 

Price ($/lb) 

Polyaniline (PANI)  21% 2.27 

Dodecyl benzenesulfonic acid (DBSA) 49% 0.59 

Divinylbenzene (DVB) 30% 2.27 

 

The inputs for the material model are the features of each constituent material within the 

composite as listed in Table 7. The outputs of the material model include weight, cost, and 

property of the finished multi-functional composites, which were subsequently propagated 

upward and ultimately fed into the aircraft model. 

7.3 Characterization 
 

A previously mentioned, the configuration of an Airbus 320 was used as a baseline aircraft to 

quantify the effects of new LSP material.  The percentage of the composite materials used in 

the wing structure was assumed to be 28% in this model. The range of design variables (i.e., 

k_factors) associated with the proposed technology is listed in Table 8. The baseline of each 

k_factors was set to their default value within FLOPS/ALCCA. The variable range (i.e. the 

maximum and minimum) value of each variable was estimated at this stage based on 

published studies [8][45] which were used to define the limits of the design space within the 

model.  
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Table 8 k_factors and ranges of variability examined for PANI-based LSP layer 

Design Variables Variables Baseline Minimum Maximum 

Complexity factor for composites 
wing structure basic design 

engineering 
k_CFWCO 1 -5.00% +20.00% 

Complexity factor for composites 
wing tooling and factory test 

equipment 
k_CFWCOTF 1 -5.00% +20.00% 

Wing structure composites 
complexity factor 

k_CFWINGC
O 

0.502 -5.00% +20.00% 

Airframe Learning Curve Factor k_LEARN 82 -5% +10% 

Assembly Learning Curve Factor k_LEARNAS 82 -5% +15% 

Maintenance man-hours per block 
hour changed by using this PANI-

based LSP layer 
k_MMC 0 -7% +7% 

 

A list of specific system responses (i.e., system disciplinary metrics) with one baseline before 

any conductive material is added, and two baselines for traditional metal mesh and expanded 

metal foil are listed in Table 9. These responses are aircraft weight, size, and cost based, 

which are highly likely to be influenced by the implementation of the proposed new 

technology. The traditional metal mesh baseline value was calculated based on the use of 

metal copper mesh (areal weight 0.04 lb/ft2  [118]) with a structural adhesive film (0.05 

lb/ft2 [119]). The baseline value of expanded metal foil was calculated based on the use of 

expanded copper foil  (areal weight 0.029 lb/ft2 [120]) with a structural adhesive film (0.05 

lb/ft2 [119]).  
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Table 9  Responses of interests for the baseline aircraft 

Responses 

Baseline line 
without any 
conductive 

material 

Baseline 
with 

Metal 
Mesh 

Baseline 
with 

Expanded 
Foil 

Aircraft 
Size 

TOGW Take-off Gross Weight (lb) 158,317.9 158,407.1 158,396.3 

OEW 
Operating Empty Weight 

(lb) 
77,985.6 78,054.2 78,045.9 

FUEL 
WT 

Fuel Weight (lb) 48,982.3 49,002.9 49,000.4 

W/S Wing Loading ( lb/ft2) 119.04 119.1 119.09 

THRUST Engine Thrust (lb) 23,747.7 23,761.1 23,759.5 

Aircraft 
Cost 

RDT&E 
Research, Development, 
Testing and Evaluation 

Cost ($M) 
7,921.94 7,925.14 7,924.86 

OSC 
Operation and Support 

Cost ($M) 
40.82 41.33 41.22 

FUC First Unit Cost ($M) 219.82 220.49 220.44 

AUAC 
Average unit airplane cost 

(including spares) ($M) 
77.85 82.53 82.52 

 

A second-level quadratic RSE was created via JMP from the data gathered in the execution 

of a central composite DoE with the ranges previously defined in Table 8. A Monte Carlo 

Simulation was then performed, based on the shape functions assigned. Due to the low TRL 

of the technology, all k_factors were assigned a default uniform shape function (Figure 15) 

with minimum and maximum values established in Table 8.  

 

Figure 15 Uniform shape function of k_factors value 

7.4 Results  
 

Figure 16 shows the “prediction profiler”, which provides interactive visualization of the 

design space on the sensitivities of the responses to all the design variables. The gradient and 
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direction of the prediction curve (black line) indicate the sensitivity of the response to a 

design variable and its influence (positive or negative). The value of k_factors can be 

manipulated by moving the hairline within the range, and the corresponding value of 

responses can be updated instantaneously through the RSEs. The greater the slope of the 

line, the greater the influence of a given k_factor. 

 

Figure 16 Prediction profile of using PANI-based LSP layer for aircraft system. 

 

The sensitivities of the responses to each k_factors can be identified from Figure 16. There is 

a slightly increased gradient on the k_CFWCO for RDT&E, which indicates a minor effect of 

increasing the technical complexity of engineering design. In contrast, k_CFWCOTF has a 

more considerable impact on RDT&E, due to the increased difficulty in working with PANI-

based LSP material. In addition, k_CFWINGCO has a marked impact on the FUC. This has 

exceeded the influence of the material itself and has severely increased the manufacturing 

complexity. It can also be seen that the OSC and the AUAC have the highest degree of 

sensitivity to the k_LEARN because they showed the highest degree of curve deflection. This 

is because the labour calls for new skills when using advanced LSP material, hence the 
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corresponding OSC and AUAC will increase. The k_MMC by using this new material shows 

very little effect on all responses.  

Table 10 and Table 11 listed the quantitative results of aircraft weight and size that are 

affected by infusing PANI-based LSP layer technology on aircraft systems. The benefit or 

penalty caused by the proposed new technology can be reflected by a comparison of the 

metric value deviations with respect to its baseline. As can be seen from Table 10, compared 

to metal mesh LPS, the introduction of PANI-based LPS demonstrates a slight weight 

reduction in responses associated with aircraft weight and size.  This new technology reduced 

the baseline TOGW by 0.002% to 158,403.9 lb. For OEW, the maximum weight reduction 

could be achieved by about 0.003%. As expected, Fuel WT and the THRUST were also 

influenced by a reduction in TOGW and OEW, yet very slightly.  There is no change in W/S by 

introducing PANI-based LPS. In light of this, our result suggests the use of the PANI-based LSP 

layer may offer a marginal benefit in aircraft weight and size comparing to traditional metal 

mesh. 

Table 10 The aircraft weight and size responses for using PANI-based LSP layer on aircraft 

system after TIF analysis (compared with metal copper mesh as baseline) 

System Responses for 
Aircraft weight and Size 

Baseline 
(Metal Mesh) 

PANI-based LSP Layer 

Response Units Value Value % diff 

TOGW lb 158,407.10 158,403.90 -0.002% 

OEW lb 78,054.20 78,051.80 -0.003% 

Fuel WT lb 49,002.90 49,002.20 -0.001% 

W/S lb/ft2 119.1 119.1 0.000% 

THRUST lb 23,761.10 23,760.60 -0.002% 

 

The quantitative impact of using PANI-based LSP layer in using the expanded copper foil as a 

baseline are listed in Table 11. Compared to expanded copper foil, the use of the PANI-based 
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LSP layer leads to a slight penalty on the TOGW (0.005% from the baseline). This result also 

applies to engine thrust. The impact on OEW and W/S is 0.008% from the baseline. While the 

penalty on fuel weight with this new technology is much lower. 

Table 11 The aircraft weight and size responses for using PANI-based LSP layer on aircraft 

system after TIF analysis (compared with expanded foil as a baseline) 

System Responses for 
Aircraft weight and Size 

Baseline 
(Expanded 

Foil) 
PANI-based LSP Layer 

Response Units Value Value % diff 

TOGW lb 158,396.30 158,403.90 0.005% 

OEW lb 78,045.90 78,051.80 0.008% 

Fuel WT lb 49,000.40 49,002.20 0.004% 

W/S lb/ft2 119.09 119.1 0.008% 

THRUST lb 23,759.50 23,760.60 0.005% 

 

The system response as a result of the new technology infusion concerning the aircraft cost 

is described in Figure 17. The economic viability of the PANI-based LSP layer (through the 

application of the k_factors) on the aircraft system has been examined through these CDFs 

on several aspects, including RDT&E; OSC; FUC; AUAC. In Figure 17, the red and blue vertical 

lines indicate two different baselines (the initial value of the system response) for traditional 

metal mesh and expanded metal foil, respectively. The black curve represents the system 

response with a uniform distribution applied to the k_factors during the Monte Carlo 

Simulation for the PANI-based LSP layer.  
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Figure 17 Resulting CDFs for PANI-based LSP layer on selected system responses of interest 
for aircraft cost. 

Table 12 and Table 13 listed the representative data obtained from the CDF upon the infusion 

of the PANI-based LSP technology. An 80% confidence level was selected as a reasonable 

confidence level [121] and confidence levels 50% and 20% are presented for comparison 

purposes. The confidence level is related to the risk or uncertainty associated with the new 

technology and the selection of these levels is purely subjective [122]. Therefore, an 80% 

confidence level can be interpreted as a high certainty, low risk level whereas a 20% 

confidence level would indicate a high risk (and potentially high benefit) but low level of 
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certainty in the outcome.  Each column gives the probability of achieving at least the value 

given, which is stated as a percentage of change from the baseline. It is at the decision-

maker’s discretion to decide what level of risk they are willing to absorb in the early stages 

of the design process. A low confidence level implies that the application of this new 

technology would be risky since the desired impact has a high probability of not being 

achieved.    

As can be seen from Table 12, compared to metal mesh LSP, introducing PANI-based LSP 

layer technology in the aircraft system increases RDT&E by 0.13% from the baseline with an 

80% probability. This is due to the increased engineering hours spent on new airframe design 

and efforts required to analyse (includes stress, aerodynamic performance), test (includes 

laboratory, ground, and flying), and build wind-tunnel models and mock-ups. In addition, its 

relatively new manufacturing and repair process increase the OSC by about 4.89%. Similar 

trends were found for AUAC and FUC. With an 80% probability, FUC is more likely to be 

increased by 1.37% and a dramatic rise of 22.78% in AUAC can be found. As the percentage 

of probability decreases to 50% and 20%, all system responses show a slight decrease 

accordingly, however, the lower percentage of probability implies this value is less likely to 

be achieved. Although use PANI-based LSP layer instead of metal mesh in the wing structure 

helps to reduce some of the system weight and size, a compromise of increased aircraft cost 

is evidential. 
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Table 12 The aircraft cost responses for using the PANI-based LSP layer on aircraft system 

after TIF analysis with metal copper mesh baseline. 

System 
Responses 

for 
aircraft 

cost 

Baseline Results for using PANI-based LSP layer 

 Metal 
Mesh 

80% 
Prob. 

% diff 
50% 

Prob. 
% diff 

20% 
Prob. 

% diff 

RDT&E 
($M) 

7925.14 7,935.38 0.13% 7,931.26 0.08% 7,926.82 0.02% 

OSC ($M) 41.33 43.35 4.89% 41.97 1.55% 40.86 -1.14% 

FUC ($M) 220.49 223.52 1.37% 222.06 0.71% 220.44 -0.02% 

AUAC 
($M) 

82.53 101.33 22.78% 88.54 7.28% 78.22 -5.22% 

 

A similar impact can be found in the case of expanded copper foil, see Table 13. Using the 

PANI-based LSP layer instead of expanded copper foil in the wing structure slightly increases 

RDT&E cost by 0.13% with an 80% confidence. Due to the increased labour hour required for 

the complex manufacture and repair process, a more significant increase in operation 

support cost (OSC) of 5.17%% is evident. A slight increase of 1.4% is seen for FUC. The 

probability of increasing the AUAC to 101.33 million U.S. dollars is 80%. Although the metric 

value deviation with respect to its baseline decreased slightly at a lower percentage of 

probability of 50% and 20%, the values are still higher than those found for the metal mesh. 

Therefore, the analysis suggests that using the PANI-based LSP layer as an LSP solution is less 

economical compared to the expanded copper foil. 
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Table 13 The aircraft cost response for using PANI-based LSP layer on aircraft system after 

TIF analysis with expanded copper foil baseline 

System 
Responses 

for 
aircraft 

cost 

Baseline Results for using PANI-based LSP layer 

 
Expanded 

Foil 

80% 
Prob. 

% diff 
50% 

Prob. 
% diff 

20% 
Prob. 

% diff 

RDT&E 
($M) 

7924.86 7,935.38 0.13% 7,931.26 0.08% 7,926.82 0.02% 

OSC ($M) 41.22 43.35 5.17% 41.97 1.82% 40.86 -0.87% 

FUC ($M) 220.44 223.52 1.40% 222.06 0.73% 220.44 0.00% 

AUAC 
($M) 

82.52 101.33 22.79% 88.54 7.30% 78.22 -5.21% 

 

7.5 Comparison of Use of Possibility Transformations to Traditional TIF method 
 

The results in the previous section are based on using a default uniform probability 

distribution as the shape function in Monte Carlo Simulation. In order to demonstrate the 

benefit of using possibility distributions compared to the traditional TIF method, the analysis 

was repeated using a possibility distribution to represent the experts' opinions for each 

k_factors as depicted in Figure 18. Based on the procedure described in Section 4.3.5, a 

normal probability density function was obtained for each k_factors, as shown in Figure 19, 

which was subsequently used as the input shape function for the TIF environment. Table 14 

and Table 15 show the results of detailed system responses with different baselines used. 
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Figure 18 The possibility distributions used in this test case for each k_factors 

 

 

Figure 19 The transformed probability density function used for each k_factor 
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Table 14 The aircraft cost responses for PANI-based LSP layer upon using possibility 
distribution to represent k_factors (Baseline: metal copper mesh) 

System 
Responses for 
Aircraft Cost 

Baseline 
(Metal 
Mesh) 

PANI-Based LSP Layer 

New TIF Method Traditional TIF Method 

Possibility 
Distribution 

% difference 
from 

Baseline 

Uniform 
Probability 
Distribution 

% difference 
from 

baseline 

RDT&E ($M) 
7,925.1

4 
7,930.83 0.07% 7,935.38 0.13% 

OSC ($M) 41.33 42.64 3.17% 43.35 4.89% 

FUC ($M) 220.49 221.66 0.53% 223.52 1.37% 

AUAC ($M) 82.53 95.01 15.12% 101.33 22.78% 

 

Table 15 The aircraft cost responses for PANI-based LSP layer upon using possibility 
distribution to represent k_factors (Baseline: expanded foil) 

System 
Responses 
for Aircraft 

Cost 

Baseline 
(Expanded 

Foil) 

PANI-Based LSP Layer 

New TIF Method Traditional TIF Method 

Possibility 
Distribution 

% difference 
from 

Baseline 

Uniform 
Probability 
Distribution 

% difference 
from baseline 

RDT&E ($M) 7,924.86 7,930.83 0.08% 7,935.38 0.13% 

OSC ($M) 41.22 42.64 3.44% 43.35 5.17% 

FUC ($M) 220.44 221.66 0.55% 223.52 1.40% 

AUAC ($M) 82.52 95.01 15.14% 101.33 22.79% 

 

It is clear from Tables 14 and 15 that the new novel TIF method and the traditional TIF method 

have led to significantly different results. For instance, Table 14, shows that with 80% 

probability, FUC shows a deviation of 0.53% from the baseline, which is about two and half 

times better than the results obtained from the traditional TIF method. Besides, the result 

from the new TIF method shows the cost of AUAC is more likely to be increased by about 

15.12%, whereas the traditional TIF method shows a significant increase result of about 

22.78%. The data in Table 15 follows a similar trend of system response values in the same 

magnitude. 

Figures 20 shows the CDFs generated for aircraft economics, using both possibility 

distributions (new TIF method) and probability distributions (traditional TIF) as their 

respective input k_factors. Since these CDFs model the uncertainties and risks associated 
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with the infusion of new technology in the form of variability, many methodologies strive to 

reduce the potential range of variability. This is because the wider a probability distribution 

is, the higher the variability of the design space, and therefore the more imprecise the result 

[10]. Thus, a probability distribution with smaller variation is more desirable in order to yield 

a higher probability of achieving a certain value. It is clear from Figures 20 that the variability 

of using possibility distributions is significantly reduced as compared to the uniform 

probability distribution inputs for the same system responses. This reduced variability 

decreases uncertainty (i.e., smaller variability over a wider range of confidence intervals), 

which implies further reduced risk.  

 

Figure 20 Resulting CDFs generated for aircraft cost for PANI-based layer upon using both 
possibility distribution and probability distribution 
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7.6 Uncertainty in Result 

Despite the use of mathematical models, uncertainty is still present in the result, due to 

incomplete information about the system and uncertainty about the prediction accuracy of 

the models themselves.  

In aircraft design, Response Surface Equations (RSEs) are commonly used as a surrogate of 

high-fidelity synthesis code to reduce the computational time and improve the efficiency of 

the design process. However, RSEs introduce an additional source of uncertainty, such as 

model bias, which largely affects the robustness of prediction results. In this research, the 

uncertainty arises from the assumption that each of the system responses considered was 

approximated as a second-order quadratic RSEs. However, circumstances may arise for 

different problems where a second-order approximation would not be sufficient. For 

example, the system response may vary exponentially or logarithmically to one or more input 

design variables. Unfortunately, due to incomplete knowledge about the technology and 

unknown complicated response in the system, it is very difficult to form the actual correlation 

between the design variables and system response. Thus, the second-order polynomial is 

considered as an appropriate approximation metamodel. Even if the higher-order polynomial 

is used, it always has a difference between the actual responses and the predicted value 

which cannot be eliminated. 

Another uncertainty may arise from the expert’s subjective opinions. In novel TIF 

methodology, the technological uncertainty associated with TRL is represented by possibility 

distribution. The definition of the shape and range of a possibility distribution was based on 

the expert’s intuitive knowledge of what should happen in a successful development 

program. Subsequently, this possibility distribution has to be transformed into a probability 

distribution to predict the frequency of certain value may occur. Since the expert’s estimate 

may be based on a disciplinarian’s point of view without knowledge of other discipline limits, 
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uncertainty may exist in the formation of the possibility distribution. Therefore, the 

uncertainty would propagate through the transformation and is ultimately felt at the levels 

of system performance. In other words, a small change in possibility distribution can 

represent a large impact on the mean value and variance of probabilistic result, particularly 

in cost. This is inherent uncertainty in the early phase of design and it can be diminished as 

technology develops. 

7.7 Conclusion of LSP Test Case 
 

The results show that although the novel LSP technology can effectively increase the 

electrical conductivity of composites, its performance is sub-optimal to metal based LSP. In 

terms of weight saving, the expanded metal foil is considered the best LSP candidate, 

followed by the novel LSP technology and the metal mesh. From an economic perspective, 

all aircraft system costs have increased upon the infusion of the new PANI-based LSP layer 

technology. The negative effects of technology infusion have been reduced by using the 

novel TIF method which highlights the benefit of employing the possibility theory. Further 

research and data are still required to assess the applicability of PANI-based LSP layer 

technology for large-scale manufacturing.  
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Chapter 8 Test Case-Self-Healing Material (SHL) 
 

8.1 Introduction 
 

Damages such as cracks or microcracks may initiate and propagate within CFRP during the 

aircraft operation due to mechanical stress and environmental factors or a combination of 

both [123]. These defects, if not detected and repaired in time, may lead to catastrophic 

failure of the aircraft.  Therefore, airlines have to regularly perform inspection and 

maintenance to ensure the continuing airworthiness of an aircraft or aircraft part. Traditional 

structural composite inspection and repair are normally labor-intensive. The process 

normally involves detecting internal cracks using non-destructive testing (NDT), infrared 

thermography, or X-ray tomography, etc. [124], followed by manual repair where the cracks 

are sealed by the resin, and the broken fibres replaced by new fibres or a fabric patch [125].  

Inspired by the human biological healing system, the concept of self-healing composites 

has been proposed in the 1990s [126], and has since attracted increasing interest worldwide 

as a technology to autonomously address the effects of damage in composite materials. Self-

healing technology offers the capability for material to sense and respond to damage, 

restoring the material’s properties without detection and repair [127]. Transport-assisted 

self-healing composite systems such as microvascular and microcapsule-based systems, are 

the ones receiving the most research interest. These systems rely on embedded 

microvascular or microcapsules within the fibre-reinforced composites for the delivery of 

healing agents into the damaged region to seal the cracks [128]. Specifically, the 

microvascular self-healing material provides multiple healing events through the embedded 

interconnected one-dimensional (1D) [129][130], two-dimensional (2D) [131][132], or three-

dimensional (3D) [133][134] channels. The latter two present additional challenges due to 

their disruption to the fibre architectures and hence, a compromised host material 

mechanical performance [135][136]. While the microvascular based systems can achieve a 
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healing efficiency of  70% (for 3D channels [133])  to 96% (for 1D channels [137]), its 

associated manufacturing complexity is much higher [138] and the encapsulated healing 

agent introduces a significant mass penalty. The requirement for an on-board autonomous 

delivery system to refill the channels from an external source or an undamaged vasculature 

remains the bottleneck for microvascular systems [139]. 

In microcapsule-based self-healing composites, on the other hand, the healing agent is 

encapsulated in discrete microcapsules within the matrix resin. Damage ruptures the 

microcapsules and triggers the release of the healing agent, which subsequently polymerized 

upon contacting the pre-embedded catalyst [140][141].  Literature suggests that the 

microcapsule-based structure can achieve a healing efficiency of 80% -100% [142] [143] 

[144][145] without causing any weight penalty. However, the deployment of such self-

healing material is limited by the depletion of the local healing agent (refill is not possible) 

after a certain number of healing cycles, as well as the high price of the catalyst. 

Although the aerospace industry is still facing complex technical challenges on the path to 

design structures with self-healing polymer composites material, the implementation of this 

technology on aircraft components has been studied. Cullinan et al. [146] have studied using 

microvascular self-healing material to repair the complex composites structure T-joint. The 

results show the in-situ repair can be achieved through the use of embedded microvascular 

networks within the structure, which gives considerable promise for the future applicability 

of this material for aerostructures. Osada et al. [147] discussed the use of self-healing ceramic 

composites turbine blades instead of nickel superalloy turbine blades for jet engines. It was 

demonstrated that self-healing ceramic composites could be an attractive candidate for the 

next-generation aircraft to heal surface cracks rapidly under high temperature and low 

oxygen partial pressure conditions. Other studies were conducted to assess the effects of the 

healing components on the mechanical properties of composites to determine their use in 

aerospace structural applications. Teoh et al. [148] researched self-healing epoxy composites 
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using double layer unidirectional hollow glass capillary tubes as the container for the self-

healing agent. The results from the flexural strength have shown that a significant fraction of 

mechanical strength is restored which confirmed its great potential application for aircraft 

structural parts. Coope et al. [149] utilized a Lewis acid metal triflate and epoxy as a healing 

agent via embedded microvascular channels within aerospace-grade E-glass fibre reinforced 

polymer composites. The results have shown full recovery of mechanical properties (>99% 

healing). Moreover, studies have investigated implementing self-healing material as coatings 

for protecting aerospace structures from corrosion. For instance, Hamdy et al.[150] have 

studied self-healing corrosion resistant composites for aerospace-grade aluminum alloys 

AA2024 by using a simple vanadia based chemical conversion coating. The results have 

shown that the vanadia coating can effectively block and repair the pits at low concentrations 

and can be considered as a good candidate for protecting the fuselage and structural parts 

from corrosion. 

Self-healing composites have attracted significant scientific interest in recent decades. 

However, as they are a low TRL technology with a corresponding lack of experimental data, 

it is hard to cross-compare the performance of different self-healing materials and 

quantitatively assess their impacts in a complex aircraft system. In this test case, therefore, 

the novel TIF methodology will be used to assess the impact of self-healing materials on an 

aircraft system. The value of design variables (i.e., technology k_factors) was represented by 

possibility distribution. Two typical self-healing technologies, namely, microcapsule-based 

and 1D microvascular self-healing systems have been investigated, and their level of impact 

on typical aircraft system responses have been compared and presented in the case studies. 

A comparison results both with and without using possibility theory is given and discussed to 

show the proposed novel TIF method’s capability and precision. 
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8.2 Material Model Creation 
 

The selected microcapsule-based self-healing material was based on studies by Jones et al. 

[151] and Kim et al. [152]. These studies utilized thermoplastic/epoxy resin blends and 

microencapsulated solvent healing agents, which eliminated the use of large volumes of 

costly catalysts as reported in other studies [141][142][143]. For comparison, a 1D 

microvascular self-healing material [153][154] will also be investigated, where low melting 

temperature alloy solder wire was used as the embedded inter-channel within the synthetic 

CFRP laminates and subsequently removed via a lost wax process. The associated material 

information deployed for the material model has been summarized in Table 16. 

Table 16 Materials information for the selected self-healing materials 

Self-Healing Material Material Constituents Content 
Price 
($/lb) 

Microcapsule-Based 
[151] [152] 

Ethyl Phenylacetate (EPA) 3.1 (vol.%)  9.1 

Poly (bisphenol a- co-
epichlorohydrin) (PBAE) 

 20 (wt.%)  11.3 

1D Microvascular 
[153][154] 

Alloy Solder wire (0.5 mm diameter) 
~0.97 (vol.%) 

22.7 

RT151 epoxy resin 4.5 

 

8.3 Characterization 
 

The same baseline aircraft configuration listed in Section 6.2.2 was used to model the impact 

of self-healing materials may have on the aircraft system in terms of benefit, cost, and risk. 

The percentage of the composite materials used in the wing structure remained 28%.  Six 

economic k_factors with different values were used, which will be examined against the 

implementation of the selected self-healing technologies, as shown in Table 17. The baseline 

value of each k_factor was set as the default value within FLOPS/ALCCA. The range of feasible 

(i.e., minimum and maximum values in Table 17) and shape (i.e., shape function) of k_factors 

were obtained through the construction of individual possibility distributions. Assumptions 

for the possibility distribution were made independently or in conjunction with the data in 
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references [8][45]. Figure 21 shows the possibility distributions used for both microcapsule 

and 1D microvascular self-healing materials. These possibility distributions were then 

transformed into a probability distribution for later analysis.  

 

Table 17  k_factors and their range of variability examined for self-healing materials 

Design Variables Variable Baseline Minimum Maximum 

Complexity factor for 
composites wing structure 
basic design engineering 

k_CFWCO 1 -10% +25% 

Complexity factor for 
composites wing tooling and 

factory test equipment 
k_CFWCOTF 1 -10% +25% 

Wing structure composites 
complexity factor 

k_CFWINGCO 0.502 -10% +25% 

Airframe Learning Curve 
Factor 

k_LEARN 82 -5% +10% 

Assembly Learning Curve 
Factor 

k_LEARNAS 82 -5% +15% 

Maintenance man-hours per 
block hour reduced by using 

self-healing material 
k_MMC 0 -8% +8% 

 

 

 

Figure 21 The possibility distribution used for self-healing materials 
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The same system responses associated with the aircraft weight, size, and cost as listed in 

Section 6.2.3.2 were selected for this case. A central composite DoE has been used in this 

case. Subsequently, a regression analysis was performed to create a second-level quadratic 

RSE via JMP. A Monte Carlo Simulation was then performed, based on the shape functions 

assigned. Figure 22 shows the shape functions used for both self-healing materials, which 

were developed through the transformation of the possibility distribution. Six normal 

probability distributions have been applied to each k_factor to enable the subsequent Monte 

Carlo Simulation and ultimately generate CDFs for each of the system responses.   

 

 

Figure 22 The transformed probability density function used for each k_factors. 

 

8.4 Results 
 

Table 18 summarizes the system responses for aircraft weight and size as a result of infusing 

the respective self-healing technologies. It can be seen that, compared to 1D microvascular 

self-healing material, the introduction of microcapsule-based self-healing material provides 

an autonomous self-healing functionality without incurring a mass penalty.  
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Table 18 Aircraft weight and size responses with self-healing technology infusion 

System Responses 
for Aircraft weight 

and Size 

Baseline 
(without any 
self-healing 
materials) 

Microcapsule-Based  
Self-Healing 

1D Microvascular  
Self-Healing 

Response Units Value Value % diff Value % diff 

TOGW lb 158,317.9 158,317.9 0.00% 158,357.3 0.02% 

OEW lb 77,985.6 77,985.6 0.00% 78,015.6 0.04% 

Fuel WT lb 48,982.3 48,982.3 0.00% 48,991.7 0.02% 

W/S lb/ft2 119.04 119.04 0.00% 119.07 0.03% 

THRUST lb 23,747.7 23,747.7 0.00% 23,753.6 0.02% 

 
 
 

The system responses pertaining to cost as a result of the new technology infusion are shown 

as CDFs in Figure 23. The economic viability of both self-healing materials on the baseline 

aircraft system has been examined by assessing the following costs: RDT&E, OSC, FUC and 

AUAC. 
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Figure 23 Resulting CDFs for self-healing material for aircraft on A) RDT&E; B) OSC; C) FUC; 

and D) AUAC Table 19 and Table 20 list the representative data obtained from the CDFs in 

Figure 23 upon infusion of the two self-healing technologies.  
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Table 19 Aircraft cost responses with microcapsule-based self-healing material infusion 

System 
Responses 

for 
Aircraft 

Cost 

Baseline 
without 
any self-
healing 
material 

Microcapsule-Based Self-Healing 

80% 
Prob. 

% diff 
50% 

Prob. 
% diff 

20% 
Prob. 

% diff 

RDT&E 
($M) 

7,921.94 7,930.83 0.11% 7,928.75 0.09% 7,926.72 0.06% 

OSC ($M) 40.82 43.37 6.25% 42.95 5.22% 42.58 4.31% 

FUC ($M) 219.82 222.43 1.19% 221.7 0.86% 221.00 0.54% 

AUAC Cost 
($M) 

77.85 101.94 30.94% 98.13 26.05% 94.66 21.59% 

 

 
Table 20 Aircraft cost response with 1D microvascular self-healing material infusion 

System 
Responses 
for Aircraft 

Cost 

Baseline 
without 
any self-
healing 
material 

1D Microvascular Self-Healing 

80% 
Prob. 

% diff 
50% 

Prob. 
% diff 

20% 
Prob. 

% diff 

RDT&E 
($M) 

7,921.94 7,931.80 0.12% 7,929.76 0.10% 7,927.71 0.07% 

OSC ($M) 40.82 43.38 6.27% 42.98 5.29% 42.59 4.34% 

FUC ($M) 219.82 222.54 1.24% 221.80 0.90% 221.06 0.56% 

AUAC ($M) 77.85 101.95 30.96% 98.31 26.28% 94.66 21.59% 

 

 
As can be seen from Table 19, all aircraft system costs have increased upon the infusion of 

microcapsule-based self-healing material. This recognizes the importance of material 

technology and material selection in aircraft design and manufacture. Introducing 

microcapsule-based self-healing in the aircraft system slightly increases RDT&E by 0.11 % 

from the baseline with an 80% confidence. A more significant increase in OSC (6.25% with 

80% probability) is evident with the infusion of the microcapsule-based self-healing material. 

Additionally, the microcapsule-based self-healing material has a significant influence on the 

FUC and AUAC.  Given an 80% confidence, the FUC is likely to be increased by 1.19% for 

microcapsule-based self-healing, and a drastic rise of 30.94% in AUAC can be seen. As the 

percentage of probability decreases to 50% and 20%, all system responses show slight 
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decreases accordingly, however, the lower percentage of probability implies this value is less 

likely to be achieved. 

The data in Table 20 for the 1D microvascular self-healing material shows greater variability 

in system responses for all categories as compared to Table 19. For instance, with 80% 

probability, FUC and AUAC show a deviation of 1.24% and 30.96% from the baseline, 

respectively. Although the system response values decreased slightly at a lower percentage 

of probability of 50% and 20%, the values are still higher than those found for the 

microcapsule-based system. The results suggest that although both self-healing materials 

involve greater design and development costs, the microcapsule-based self-healing material 

would be a more financially viable option. 

8.5 Comparison of Use of Possibility Transformations to Traditional TIF method 
 

In order to demonstrate the benefit of using possibility distributions compared to the 

traditional TIF method, the analysis was repeated using a standard triangular probability 

distribution as a shape function (see Figure 24). More detailed system response results 

against different self-healing technologies used are listed in Tables 21 and 22. 

 

 

Figure 24 Triangular probability distribution shape functions for Microcapsule and 1D 
Microvascular self-healing materials 
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Table 21 Aircraft cost responses for microcapsule-based self-healing material upon using a 
triangular probability distribution to represent k_factors 

System 
Responses 
for Aircraft 

Cost 

Baseline 
without any 
self-healing 

material 

Microcapsule-Based Self-Healing 

New TIF Method Traditional TIF Method 

Possibility 
Distribution 

% 
difference 

from 
Baseline 

Triangular 
Probability 
Distribution 

% difference 
from 

baseline 

RDT&E ($M) 7,921.94 7,930.83 0.11% 7,933.53 0.15% 

OSC ($M) 40.82 43.37 6.25% 43.40 6.32% 

FUC ($M) 219.82 222.43 1.19% 223.29 1.58% 

AUAC ($M) 77.85 101.94 30.94% 102.02 31.05% 

 

Table 22 The aircraft cost response for 1D microvascular self-healing material upon using a 
triangular probability distribution to represent k_factors 

System 
Responses 
for Aircraft 

Cost 

Baseline 
without any 
self-healing 

material 

1D Microvascular Self-Healing 

New TIF Method Traditional TIF Method 

Possibility 
Distribution 

% difference 
from 

Baseline 

Triangular 
Probability 
Distribution 

% difference 
from 

baseline 

RDT&E ($M) 7,921.94 7,931.80 0.12% 7,934.43 0.16% 

OSC($M) 40.82 43.38 6.27% 43.41 6.34% 

FUC ($M) 219.82 222.54 1.24% 223.52 1.68% 

AUAC ($M) 77.85 101.95 30.96% 102.03 31.06% 

 

It can be seen from Tables 21 and 22 that the new TIF method and the traditional TIF method 

provide results that are roughly of the same magnitude but still show a clear difference. Even 

small differences in percentages can represent a large impact, particularly in cost. Figures 25 

and 26 show the CDFs generated for aircraft economics, using both possibility distributions 

(new TIF method) and traditional probability distributions (traditional TIF) as their respective 

input k_factors. It is clear in Figures 25 and Figure 26 that the variability associated with 

achieving the desired value using possibility distributions is significantly reduced as compared 

to the triangular probability distribution inputs for the same system responses.  
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Figure 25 Resulting CDFs generated for aircraft cost for microcapsule-based self-healing 
material upon using both possibility distributions and traditional probability distributions. 
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Figure 26 Resulting CDFs generated for aircraft cost for 1D microvascular self-healing 
material upon using both possibility distributions and traditional probability distributions 

 

8.6 Conclusion of SHL Test Case 
 

The results show that between the two chosen low TRL self-healing technologies, the 

microcapsule-based self-healing material has significant advantages in weight savings and is 

more likely to be economically viable as compared to the 1D microvascular based self-healing 

material. A reduced variability of the design space can be found through the use of the novel 

TIF method which shows the capability and precision of the proposed novel TIF method. 
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Chapter 9 Assessing Interaction Effects of Two Technologies 
 

In chapter 7 and chapter 8, two low TRL technologies, namely SHL and LSP, have been 

assessed independently at the system-level. In this chapter, the analysis will be carried out 

for the scenario where both technologies (i.e., microcapsule-based self-healing material and 

PANI-based lightning strike protection material) are implemented simultaneously to the 

same baseline aircraft configuration in aircraft design, and the net impact of having both 

technologies will be explored through the use of the novel TIF method. In traditional TIF, 

when two technologies are applied simultaneously their respective k_factors are linearly 

summed up to obtain a net technology impact factor for a given design variable. The effects 

of technology interactions are neglected. In other words, their net impact on the system is 

additive. However, the combination of these technologies is unlikely to be additive because 

it is common for compatible technologies that operate on the same subsystems to either 

degrade or enhance each other when applied together. Thus, the traditional TIF method 

tends to overestimate or underestimate the impact of technology combinations. The newly 

proposed TIF method captures the interaction between technologies through the use of 

mixture distribution to represent technology k_factors. Therefore, the effects of multiple 

technologies can be statistically combined and probabilistically propagated before 

incorporating into the TIF environment. 

9.1 Characterization 
 

The same aircraft configuration (Airbus 320) was used as a baseline and the percentage of 

the composite materials used in the wing structure remained 28%. The range of design 

variables (i.e., k_factors) and the corresponding system responses remained the same as 

discussed in chapter 7 and chapter 8, see Table 23. 
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Table 23  k_factors and ranges of variability examined for both lightning strike protection 
material and self-healing material 

Variables 

Lightning Strike 
Protection Material 

Self-Healing Material 

Minimum Maximum Minimum Maximum 

k_CFWCO -5.00% +20.00% -10% +25% 

k_CFWCOTF -5.00% +20.00% -10% +25% 

k_CFWINGCO -5.00% +20.00% -10% +25% 

k_LEARN -5% +10% -5% +10% 

k_LEARNAS -5% +15% -5% +15% 

k_MMC -7% +7% -8% +8% 

 

These k_factors were first represented by a possibility distribution, then the transformation 

was performed as described in Section 4.3.5 to obtain probability distributions for each of 

k_factors. These individual probability distributions from each material are then used as 

component distributions to form the mixture distributions by using a subjective weight to 

reflect each material’s impact. In general, an equally weighted mixture (i.e., 50% for the LSP’s 

distribution and 50% for SHL’s distribution) can be used to model the net system responses 

change with respect to its baseline value when two technologies are of equal important. Six 

mixture distributions (see Figure 27) have been identified for each k_factor, which were 

developed following the procedure discussed in Section 4.4.2.  Once the new value for the 

k_factors has been defined, a central composite DoE was generated for the k_factors. These 

k_factors specified by the DoE were then entered into the analysis code. Subsequently, a 

regression analysis was performed via JMP to create a second-order RSE that related the 

effects of the k_factors on the responses to the variation of the system responses. A Monte 

Carlo simulation was then conducted, based on these shape functions (i.e., mixture 

distribution) given, to ultimately generate CDFs for each of the system responses. 
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Figure 27 The shape functions of k_factors values for interaction effects of two technologies 

 

9.2 Result 
 

Table 24 summarizes the system responses for aircraft weight and size as a result of infusing 

the two technologies simultaneously after using novel TIF method. The benefit or penalty 

caused by these technologies was identified by evaluating their deviations from the baseline, 

shown as percentage deviations. As can be seen from Table 24, compared to the sole 

implementation of SHL and LSP technology, the infusion of both technologies introduces the 

same weight increase as infusing LSP technology alone in responses associated with the 

aircraft weight and size. This indicates this technology combination is effective in aircraft 

weight and size than if they are applied independently. 
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Table 24  The aircraft weight and size responses for using SHL, LSP, and their combination 
on the aircraft system after novel TIF analysis. 

System 
Responses 

for 
Aircraft 
weight 

and Size 

Baseline 
(without 

any 
technology) 

Effects of SHL 
Technology 

Effects of LSP 
Technology 

Interaction Effects of 
SHL and LSP 
Technologies 

Response Value Value % diff Value % diff Value % diff 

TOGW (lb) 158,317.90 158,317.90 0.00% 158,403.90 0.05% 158,403.90 0.05% 

OEW (lb) 77,985.60 77,985.60 0.00% 78,051.80 0.09% 78,051.80 0.09% 

Fuel WT 
(lb) 

48,982.30 48,982.30 0.00% 49,002.20 0.04% 49,002.20 0.04% 

W/S (lb/
ft2) 

119.04 119.04 0.00% 119.1 0.05% 119.1 0.05% 

THRUST 
(lb) 

23,747.70 23,747.70 0.00% 23,760.60 0.05% 23,760.60 0.05% 

 

To gain more insight into the effects of technology or technologies, the CDFs of each 

technology were overlapped and are shown in Figure 28 and the quantitative result is given 

in Table 25. Similar to aircraft size and weight responses, all the aircraft system costs have 

increased upon infusion of SHL and LSP technologies simultaneously on the aircraft design. 

The results, however, shown that although the aircraft cost is increased, the interaction 

effect of technology combination is economically viable as implementing a single technology. 

This indicates the interaction effect of technology combination is feasible and viable than 

implementing a single technology. 
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Figure 28 Resulting CDFs for aircraft economic effects by infusing SHL, LSP, and their 
combination on (a) RDT&E (b) OSC (c) FUC (d) AUAC. Black and blue lines represent the 

value for SHL and LSP, respectively. The Red line represents the value of their interaction 
effects. 
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Table 25 The aircraft cost responses for using SHL, LSP, and their combination on the aircraft 
system after novel TIF analysis. 

System 
Responses 
for Aircraft 

Cost 

Baseline 
(without 

any 
technology) 

Effects of SHL 
Technology 

Effects of LSP 
Technology 

Interaction 
Effects of SHL 

and LSP 
Technologies 

80% 
Prob. 

% diff 
80% 

Prob. 
% diff 

80% 
Prob. 

% diff 

RDT&E 
($M) 

7,921.94 7,930.83 0.11% 7,930.83 0.11% 7,932.03 0.13% 

OSC ($M) 40.82 43.37 6.25% 42.64 4.46% 43.17 5.76% 

FUC ($M) 219.82 222.43 1.19% 221.66 0.84% 222.32 1.14% 

AUAC Cost 
($M) 

77.85 101.94 30.94% 95.01 22.04% 100.03 28.49% 

 

9.3 Comparison TIF with and without the Use of Mixture Distribution  
 

In order to demonstrate the benefit of using mixture distributions in the novel TIF method, 

traditional TIF analysis (e.g linearly adding the effects of k_factors, see Table 26) was carried 

out. The data were subsequently incorporated into the TIF environment to compare the 

result with the novel TIF method, see Table 27. 

Table 26 Algebraic Addition of the range of k_factors. 

Variables Baseline Minimum Maximum 

K_CFWCO 1 -15.00% +45.00% 

K_CFWCOTF 1 -15.00% +45.00% 

K_CFWINGCO 0.502 -15.00% +45.00% 

K_LEARN 82 -10% +20% 

K_LEARNAS 82 -10% +30% 

K_MMC 0 -15% +15% 

 

Figure 29 shows the comparison result of CDFs generated for aircraft cost, using both mixture 

distribution (novel TIF) and algebraic addition (traditional TIF) as their respective k_factors. 

It is clear in the figures that the variability using the novel TIF method is significantly reduced 
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as compared to the traditional TIF method for the same system responses. For example, the 

final RDT&E cost range by using the traditional TIF method is captured between 7957.53 (99% 

probability) and 7917.01 (1% probability) million USD. The overall change of the final cost is 

calculated to be $40.52 M or 0.51% total variation from a mean value of $7937.88 M. 

Whereas, the range of RDT&E cost by using the novel TIF method is captured between 

$7936.03 M (99% probability) and $7923.67 M (1% probability). The variability of this cost is 

calculated to be $12.36 M or a 0.16% total variation from the mean RDT&E cost of $7929.86 

M for using the novel TIF method. The 0.16% variability is about three times small when 

compared to the 0.51% variability from the traditional TIF method. This result shows that the 

variability of using the novel TIF method is relatively small in comparison with the result 

through the use of a traditional TIF method. This reduced variability decreases the 

uncertainty (i.e. smaller variability over a wider range of confidence intervals), which implies 

a further reduced risk. 
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Figure 29 Resulting CDFs generated for aircraft cost for the interaction effect of SHL and LSP 
technologies upon using both traditional and novel TIF method. 

 

Table 27 lists the quantitative results of aircraft costs that are affected by infusing two 

technologies simultaneously on the aircraft system. It can be seen that compare to the result 

by using the novel TIF method, the traditional TIF method results in an overprediction of 

aircraft cost. For 80% confidence, this overprediction doubles, even three times greater than 

the result from using the novel TIF method. This overestimation may lead to schedule delays 

and cost overrun, and the possibility of technology development cancellation. 
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Table 27 Aircraft cost responses for comparison of novel TIF method and traditional TIF method 

System 
Responses for 
Aircraft Cost 

Baseline 

Interaction Effects of SHL and LSP Technologies 

New TIF Method Traditional TIF Method 

Mixture 
Distribution 

% difference 
from Baseline 

Mean 
Standard 

Algebraic 
Addition 

% difference 
from baseline 

Mean 

Standard 

Deviation Deviation 

RDT&E ($M) 7,921.94 7,932.03 0.13% 7929.86 2.64 7,945.25 0.29% 7937.88 8.75 

OSC ($M) 40.82 43.17 5.76% 42.45 0.88 46.32 13.47% 43.98 3.05 

FUC ($M) 219.82 222.32 1.14% 221.44 1.00 226.42 3.00% 223.8 3.03 

AUAC ($M) 77.85 100.03 28.49% 93.28 8.18 129.17 65.92% 107.21 28.32 
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9.4 Conclusion of Mixed method 
 

In this chapter, the benefit of using mixture distribution to evaluate the impact of the 

implementation of multiple technologies simultaneously on the aircraft design has been 

demonstrated. The results have shown that although the aircraft weight and cost are 

increased, the interaction effect of technology combination is feasible and viable as 

implementing a single technology. In addition, the novel TIF method which deploys mixture 

distribution has captured all of the significant interaction/synergy between different 

technologies and hence is more accurate than the traditional TIF method. The fidelity of 

estimations has been improved which highlights the benefit of using the mixture distribution 

within the novel TIF method.  
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Chapter 10 Conclusions and Future Work 

10.1 Conclusions 
 

Aviation is always at the forefront of technology which leads to the development and 

implementation of innovative technologies to gain a competitive advantage. The infusion of 

innovative technology is immersed in uncertainty due to incomplete knowledge about the 

technology and the behaviour of the technology in a relevant environment. This has created 

a growing need and interest in the development of an effective technology forecasting 

method for decision-making. This research has addressed this issue by developing a novel TIF 

method that allows system-level quantitative assessment of the benefit and penalties for 

innovative technology (i.e., low TRL technologies), particularly associated with design with 

future materials on the aircraft system. This method was created with the knowledge of what 

was needed to respond to the technical feasibility and economic viability and of the 

shortcomings of the existing TIF methodology. Starting from the pertinent steps of existing 

TIF methodology, a complete system-level methodology was established to quantify system-

level impact, uncertainty and risk of the proposed technology, and give direction to further 

resource allocation. The novel TIF method incorporates the possibility distribution based on 

possibility theory for a situation where little information regarding the uncertainty is known 

and the uncertainty is typically describe based on expert opinions and assumptions. This 

theory offers a simple and straightforward mathematical framework to represent 

uncertainty with scarce or subjective information, which makes it superior compared to 

other uncertainty theories. Furthermore, the mixture distribution was utilized to account for 

the effect of technology combination on the entire system when multiple technologies are 

applied simultaneously on the aircraft design. The resulting TIF method has the ability to 

bring more information and knowledge about innovative technology into the earlier phases 

of the design stage to assess and trade-off the impact of these technologies before it has 
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been selected and fully matured. The method containing this ability could guide the decision-

maker to determine where to allocate resources for further technology refinement, as well 

as provide useful design information. 

The proposed methodology has been demonstrated through case studies to quantify the 

impact of infusing two representative low TRL technologies (i.e., multi-functional composites) 

in the context of a commercial aircraft system. These technologies were used in this research 

due to their increasing interest worldwide and the need for a mathematical method to 

forecast the impact of this material on the aircraft system. To achieve this, a multi-scale 

modelling framework has been developed to enable the propagation of the effects of 

changes in each model to the aircraft system without loss of traceability. Subsequently, the 

impacts of technology infusion on system disciplinary metrics, k_factors, were represented 

by a possibility distribution and later incorporated into the system-level analysis. The results 

identified two technologies as significant for further investigation, including the novel PANI-

based lightning strike protection material and microcapsule-based self-healing material. An 

additional investment of these two technologies combination was performed. The results 

show a large feasible design space for system trade-offs when these technologies are applied 

simultaneously on the aircraft design.  

10.2 Revisiting the Research Questions 

With the development and presentation of novel TIF methodology complete, a return to the 

research questions is appropriate. 

1) How to create a mathematically novel TIF process which can be applied to low TRL 

technologies?  

As the thesis demonstrated, a novel TIF method has been created through the use of 

possibility theory that allows system-level quantitative assessment of the benefits 

and drawbacks of low TRL technologies. Both the qualitative and quantitative data 
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can be synthesized into the overall analysis framework to quantify the impact of low 

TRL technologies in a given system.  

2) How to develop a method to capture and model multi-functional composites and 

incorporate them into the overall analysis model?  

As demonstrated in the thesis, a mathematical modelling method has been created 

that can accurately capture and quantify the attributes of the multi-functional 

composites and their associated uncertainties. Its database was collected from an 

extensive literature review considering various aspects of multi-functional 

composites materials to date. This model is then incorporated into the system-level 

models and, through the use of a multi-scale modelling framework, their impact 

probabilistically and quantitatively assessed. 

3) How to develop a method to mathematically combine and probabilistically 

propagate uncertainties of different technologies? 

As demonstrated in the thesis, a mixture model with mixture distribution has been 

deployed that allows the aircraft designer/decision-maker to quickly and easily 

assess the interaction, technology readiness, and risk of various technology 

combinations.  

10.3 Future Work 
 

The recommendations of future work stem from the assumptions that were made as the 

method was developed. These recommendations are not exhaustive but are a starting point 

for future efforts. First, the study performed within the research focused on the development 

of a novel TIF method for low TRL technologies. To achieve this, the study used simplifying 

assumptions and only considered a limited number of design variables for the test materials. 

It is therefore recommended that the novel TIF method be applied to a non-material low TRL 

technology to test the validity of the method.  Second, the resulting analysis novel TIF 
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framework was shown in the research to be a very powerful tool for trade-off studies and 

“what if” analysis. The method should also be applied to a much more complex system to 

confirm its utility. Next, the weighted for each element of technology k_factors within the 

mixture distribution needs to be addressed in the future. Currently, an equal weighted 

mixture distribution is used for each k_factors, a better or more precise weight should be 

defined to truly represent its effects. Finally, the most important of future research efforts 

should be in the area of validation of the novel TIF method. The elements of the traditional 

TIF method have been validated for mid-TRL technologies.  The precision and capability of 

the new elements within the TIF method have been demonstrated in the case study. It is 

therefore recommended that the validation for the entire method should be conducted in 

the future if the original data could be obtained from the aerospace industry regarding the 

expert predicted technology impact, decision, aircraft configurations, etc. 
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