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Abstract of Praxis 

 

A Systems Dynamics Approach for Cost Management of Transition of Machine 

from Solid to Additive Manufacturing in Aerospace Production 

 

    Aerospace parts, such as brackets, have traditionally relied on metal or metal alloy 

materials like titanium due to their mature manufacturing processes and mechanical 

properties that meet stringent standards. Metallic materials are often manufactured from 

machined from solid (MFS) production where material waste and operational costs are 

high due to its high scrap rates and high buy-to-fly (BTF) ratios. A decade of research has 

shown a growing interest in Additive Manufacturing as a replacement for the traditional 

MFS process to help reduce materials waste and operational expenses and allow near-net 

shape parts for aerospace components.  

The Systems Dynamics (SD) tool, the research product for this praxis, examines 

the cost management method and the cost benefits of transitioning from traditional MFS 

to AM in aerospace production. This study incorporates critical cost drivers, including 

materials, operations, and equipment costs, using several publicly available datasets from 

past literature, Rolls-Royce, Air Force Research Lab (AFRL), Defense Technical 

Information Center (DTIC), Boeing, and the United States (U.S.) Bureau of Labor 

Statistics. According to NASA's Technology Readiness Level (TRL), the use cases in this 

study are different types of brackets in aircraft production, assessing low, medium, and 

high production volumes and three implementation scenarios identified as early, 

moderate, and late transitions. The results suggest that early adoption yields the quickest 

breakeven point in all production scenarios.  
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1 Chapter 1—Introduction 

1.1 Background 

Metallic materials or metallic alloy, such as titanium, are a typical material choice for 

brackets and other aerospace parts are used in structural air and space vehicles assembly 

because of their well-established mechanical properties, such as strength-to-weight ratios 

and corrosion resistance. The demanding condition and strict safety requirements also 

drive the reliance on metallic parts due to their reliable performance and mature 

manufacturing processes. A major issue of using metals is the high scrap rate during the 

fabrication and processing method, which results in material waste and increased 

production costs. Many research and production initiatives focus on switching to additive 

manufacturing (AM) to replace the subtractive metal methods with materials that match 

or exceed the mechanical performance of metals.  

As the aerospace industry transitions from costly metal bracket production to 

AM-processed composite structures and other metallic-derived materials, the industry 

strives to gain manufacturing efficiency and cost-effectiveness benefits. The shift to these 

processes, and in some cases using advanced materials, can significantly reduce 

manufacturing costs, including material waste. AM process produces a near-net shape 

that does not require excessive finish machining or have minor rework in production 

(Sivadasan & Singh, 2017). As part of this praxis, the role of Systems Dynamics (SD) is 

presented in exploring cost management techniques during the transition from MFS to 

AM technology. By focusing on the cost benefits, such as reduced operational costs, 

lower buy-to-fly (BTF) ratios, and less rework, the praxis aims to provide a tool for 

industry stakeholders in charge of managing production costs. The praxis aims to 
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highlight the timeline at which the benefits of transitioning the machine from the solid 

(MFS) process to AM are realized. 

1.2 Research Motivation 

Companies, engineers, and workforce worldwide constantly explore ways to increase 

production efficiency, reduce production costs, and identify cost-competitive processes in 

the dynamic manufacturing and production landscape. The successful implementation of 

MFS requires cost management consideration. Multiple transition scenarios in this praxis 

involve replacing MFS-processed metal brackets using AM. The literature review 

section, Chapter 2, thoroughly discusses the benefits of shifting the MFS process, 

showing production cost savings. While it is good to note that there are many benefits to 

AM process transitions, one of the disadvantages is the high equipment capital cost. 

However, this disadvantage is weighed against the potential for reduced materials waste, 

reduced rework cost, and overall manufacturing efficiency that is offered by the AM 

process transition.  

1.3 Problem Statement 

Metal bracket parts’ production costs through MFS incur up to $1.8M, a value 

adjusted for 2024 inflation,  yearly rework due to high scrap rates and production cycle 

repetition (EPA, 2000).  

1.4 Thesis Statement 

A Systems Dynamics tool can be developed to optimize production costs during the 

transition of the MFS process to the AM process in aerospace production.  
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1.5 Research Objectives 

This praxis provides a prototype tool for cost management by identifying a suitable 

period for transitioning the AM process into existing production and assessing production 

volumes and implementation timelines from publicly available sources. Gathering 

historical data and publications on AM cost models, a foundation for managing and 

estimating production costs for AM, including materials, operations, and labor, is 

provided to reflect real-world scenarios and validate the strategies proposed in this praxis. 

Identification and analysis of the critical cost savings strategies and efficiency gains 

associated with transitioning from MFS methods to AM, focusing on three production 

volumes in low, medium, and high from case studies Rolls Royce, AFRL/DTIC, and 

Boeing during the literature review. In addition, scalability and feasibility in different 

production volumes are assessed, making the proposed cost management tool modular 

and adaptable to varying production needs, given that the user of the SD tool expands the 

use case beyond this praxis.  Another objective of this praxis is to assess the outcomes 

and validation of the cost management tool, focusing on three scenarios for process 

implementation in early, gradual, and late transitions of the AM process as a temporal 

split function, leveraging linear algebra and matrix operations, to allow for a gradual 

rollout of the new AM process in production.  

Evaluating these three process implementation scenarios through NASA’s 

Technology Readiness Level (TRL) framework provides a structured method for 

managing a disruptive technology. Within the aerospace sector, NASA’s TRL is used as 

the industry-standard measure for evaluating process maturity and readiness and set 
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implementation timelines. This praxis seeks to contribute to the growing knowledge of 

AM cost models to highlight the transition from costly MFS.  

1.6 Research Questions and Hypotheses 

The three Research Questions and Hypotheses linked are listed below.  

RQ1: How can a SD tool be developed to manage a process transition production 

cost? 

RQ2: Are there any mitigation strategies for barriers to implementing a cost 

management SD tool in a production setting? 

RQ3: Can the tool demonstrate that transitioning MFS to AM achieves a cost 

savings of $1.8M annually?  

H1: A cost management SD tool explains the relationship between selected cost 

drivers in process transitions.  

H2: Demonstrating the pilot version of the SD tool’s operability can offset the 

initial implementation barriers. 

H3: At least $1.8M in cost savings is achievable when transitioning from MFS to 

AM.  

The first research question involves developing an SD tool for cost management in 

process transitions, such as MFS to AM. The second research question involves 

reviewing challenges that hinder the integration of the cost management tool in the 

production environment. The third research question aims to demonstrate that the 

transition from MFS to AM can achieve cost savings of at least $1.8M per year at a given 
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implementation period. The fidelity of the implementation period is explored in this 

study.   This praxis is validated for its cost-saving potential through the SD tool. 

Validating the tool reinforces the literature's findings and provides an operable pilot 

version of the research product. 

1.7 Scope of Research 

This research investigates the implementation of SD techniques in the aerospace 

manufacturing industry, particularly during the transition from MFS to AM in a 

production environment. The scope encompasses examining the relationships between 

cost drivers during process transitions in a production environment, identifying barriers in 

process integration, and assessing the SD tool's functionality in managing process 

transitions' production costs.   

The study primarily targets engineers, project managers, and decision-makers in the 

space and defense companies. This praxis research aims to provide insights and 

recommendations tailored to the challenges and requirements for aerospace 

manufacturing. The case studies and empirical data primarily focus on areas with 

significant aerospace manufacturing activities in the U.S. but can be expanded to other 

countries as well.  

The research timeline covers recent developments and trends in AM cost models 

before 2025. While historical data and selected bracket case studies provide context, this 

praxis offers only a prototype product that can be used as a starting point.  There is a need 

for ongoing investigation and expansion of variables to optimize cost models that 

accurately capture and manage the cost for a process transition and process improvements 

in aerospace production.  
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Overall, the research conducted during the praxis aims to provide insights and 

recommendations to enhance the adoption of SD tools in aerospace manufacturing. While 

this praxis focuses on transitioning from MFS to AM processes, the applications can also 

be expanded to other emerging technologies.  The study of AM cost benefits seeks to 

advance knowledge and practice in aerospace manufacturing and cost management 

through empirical analysis, case studies, and theoretical frameworks. 

1.8 Research Limitations 

While the U.S. Labor Statistics provides valuable data on labor costs, workforce 

trends, and inflation rates, its primary focus on employment and wage-related 

information is limited and will vary for each company seeking to implement the research 

product. Validation and verification are limited to publicly available data from the 

literature, Rolls-Royce, AFRL, DTIC, and Boeing to support the analysis, aiming to offer 

a real-world production scenario. The additional data from the literature review 

strengthens the validation process by providing a glimpse of real-world aerospace 

manufacturing and production environment supplementary to labor and inflation data.  

The data for this research represents findings available on the commercial market and 

publicly available sources.  As such, there is a need for additional data to test the 

accuracy and relevance of the analysis for any specific applications, and this is 

recommended for future work. The SD tool requires significant technical expertise to 

simulate complex interactions in production and, in some cases, requires technical 

training. The SD tool software used in this praxis is the VENSIM platform. While 

VENSIM is excellent for modeling specific processes or systems, scaling these models to 

accommodate broader applications of manufacturing operations might require additional 
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modifications. As such, scalability and production volumes can affect how quickly and 

effectively the tool can be adapted to production.  

The case studies presented in this praxis were taken from research conducted from 

2003 to 2024, which only captures part of the impact of the newly introduced 

technologies or market demands after the study period. Additionally, the thesis statement 

includes an inflation adjustment since the EPA reference was published in 2000. In 2000, 

the yearly cost was extrapolated as $1M from the reported material waste from general 

Boeing aircraft, which is $1.8M in 2024 after the inflation adjustment (EPA, 2000).  The 

Federal Reserve Bank of Minneapolis calculator used for the inflation adjustment is 

(Federal Reserve Bank).  The $1.8M was used as a minimum target for production cost 

savings for this praxis. Beyond this timeframe, the tool’s adaptability still needs to be 

validated further to understand the influence of the effects of emerging technologies in 

the evolving market. The work done for this praxis was conducted over one and a half 

years. Therefore, the tool only considers limited cost factors. 

1.9 Organization of Praxis 

Chapter 1 presents a problem statement, thesis statement, research questions, and 

hypotheses to outline research objectives for developing a cost management tool to 

transition the MFS process to AM. The first chapter also outlines the significance of the 

study, the scope of the study, and the limitations of the research. The existing literature 

about cost models is presented in Chapter 2. Other topics, such as production cost savings 

in manufacturing, are included in the chapter, which is a crucial context and foundation 

for the praxis. Other studies with similar themes in this praxis and the current work are 

also presented in Chapter 2.  Chapter 3 presents the methods used for this praxis and 
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introduces data assumptions, variable definitions, SD framework set-up, and verification 

and validation methods. Chapter 4 discusses the results and breaks them into gradual, 

early, and late implementation scenarios. Additional verification and validation and 

preliminary Production Cost Savings analysis are discussed in Chapter 4. The results of 

this praxis are summarized in Chapter 5, alongside contributions to the body of 

knowledge and recommendations for Future Research.   
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2 Chapter 2—Literature Review 

2.1 Introduction 

 AM technologies have emerged over the last decade and have shown an 

advantage over traditional technologies, such as MFS, regarding production costs and 

manufacturing efficiency. While outside the scope of this praxis, researchers has paid 

attention to the quality, precision, and mechanical properties that AM offers (Costabile, 

Fera, Fruggiero, Lambiase, & Pham, 2017).  The shift from conventional processes, such 

as MDS, to AM has sparked growing interdisciplinary research exploring cost models, 

SD, reduced BTF ratios, production cost savings, and cost efficiency. Current cost 

models developed for AM and their evolution from static models to more complex 

frameworks incorporate time-driven activity-based costing models, which are presented 

in Section 2.2. The existing SD tools were developed for AM and other technologies are 

presented in Section 2.3. In Section 2.4, a comparison of the BTF ratios of MFS and AM 

are outlined. The benefits of AM transition regarding waste reduction and other variables 

are presented in Section 2.5 and the manufacturing efficiency related to the AM transition 

is presented in Section 2.6. The literature review section gathers a selection of studies 

focusing on AM cost models, system dynamics, and AM benefits. 

2.2 AM Cost Models 

A literature review of AM cost models highlights the cost advantages of AM in 

reducing material waste, production, and lead times compared to traditional 

manufacturing methods.  Costabile et al. gathered existing cost models for AM from 

2003 to 2017. The review traces the evolution of AM cost models starting from static 

models to more complex frameworks incorporating time-driven activity-based costing 
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(Costabile et al., 2017). Costabile et al. found the trends of the papers accepted from 1997 

to the date of publication, 2017. The authors showed that researchers focus on the general 

and technological aspects of AM, as seen in Figure 2-1, where the lowest number of 

papers are on AM cost models, AM business models, and AM lifecycle costs. The y-axis 

represents the number of keywords and papers, while the x-axis represents the year of 

publication.  

 

Figure 2-1. Number of Papers per year and per keywords (Costabile et al., 2017). 

 

The industry has focused less on AM cost models, as Figure 2-2 highlighted, where AM 

costs and business models comprised only 4% of the pie chart compared to other topics 

such as AM overview, AM technology, AM mechanical properties, and AM material, 

which are predominantly materials science and engineering topics. The lack of research 

in AM cost models highlights an opportunity to bridge existing and potential research 

gaps.  
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Figure 2-2. A Mix of Papers on AM (Costabile et al., 2017). 

 

 Hopkinson and Dickens were among the first to analyze AM direct and indirect 

production costs, focusing on rapid prototyping, which is now commonly known as 

AM. The authors compared traditional injection molding (IM) of polyimide with 

layer manufacturing, such as stereolithography (SLA), fused deposition modeling 

(FDM), and laser sintering (LS), in terms of unit costs and production volume using a 

static cost model in Microsoft Excel. The cost of the parts was broken down into 

material costs, labor costs, and machine costs where the machine produces one part 

constantly for a year in their study.  Hopkinson and Dickens' study showed a 

breakeven point between the IM, which is close to 6000 pieces for SLA and FDM, 

and LS, which is at 14,000, as shown in Figure 2-3.  The study demonstrates that AM 

processes support cost reduction by enabling near-net-shape production (Hopkinson 

& Dickens, 2003). However, considering the time of the publication, the technology 

had yet to mature, and different aspects of the study by Hopkinson and Dickens were 
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further developed and improved. In Chapter 3, the graph in Figure 2-3 was 

reproduced in VENSIM using the equations and variables stated in the 2003 paper as 

part of a case validation.  

 

Figure 2-3. Cost comparison for lever part using different processes (Hopkinson & 

Dickens, 2003) 

 

 In following years, other researchers proposed improved models that include 

additional variables pertinent to the next iteration of the model, such as capital equipment 

purchase, energy consumption, and pre-and postprocessing steps. In contrast to 

Hopkinson and Dickens study, Ruffo et al. included the capital purchase in the equation 

concluded by Hopkinson and Dickens. The traditional process and AM technologies both 

needed to amortize the non-recurring costs, the capital purchase, the cost of the molds in 

the beginning phases of production (Ruffo, Tuck, & Hague, 2006). Based on this 

assumption, Ruffo et al.  showed a deflection in the cost curve, as shown in Figure 2-4. 
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Figure 2-4. Improved cost per part vs. number of parts curves showing a deflection 

(Ruffo et al., 2006). 

 The deflection in Figure 2-4 is due to the fixed costs from machine depreciation 

and machine set-to-time dominating per-part costs for low production volumes.  Ruffo et 

al. also stated that the new bed and layer setup requires additional parts, which led to the 

production cost increase in a low-volume scenario. The high overhead bill and lower 

machine utilization led to higher cost per part (Ruffo et al., 2006). The authors found that 

lower production volume had increased production fixed costs, which led to the inability 

to amortize the equipment’s capital purchase. Therefore, the production volume 

assessment is performed for this study since it directly affects the feasibility and cost-

effectiveness of implementing AM into existing production.  

Another study explored the simultaneous production of multiple parts using AM. AM 

processes allow for the simultaneous production of numerous parts within the same build, 

parts in the same manufacturing stage, and the same process cycle (M Baumers et al., 

2012). The study by Baumers et al highlights the effectiveness of efficient utilization of 
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bed space in reducing energy consumption and production costs. By incorporating fixed 

operation and geometry-dependent variables such as setup and number of layers, the 

arrangement on the print bed can be optimized to allow for multiple parts (M Baumers et 

al., 2012). This praxis does not study simultaneous multiple-part production and energy 

consumption, a limitation that presents future research opportunities.  Instead, the main 

cost drivers considered for this praxis touch on labor, materials, and equipment costs for 

part production, which are often the highest expenses in production. However, it is good 

to note that AM's parallel production capability reduces per-unit costs by minimizing 

energy consumption and maximizing machine capacity. On the other hand, other 

researchers, such as Lindermann et al. and Rickenbacher et al., added pre-and 

postprocessing costs to their cost models, which Baumers et al. lacked in their model.  

Lindermann et al. provided a view of lifecycle cost in production by integrating post-

processing activities into their cost models. The post-processing activities include manual 

support removal, quality control, hot isostatic pressing (HIP), and surface finishing to 

enhance mechanical properties (Lindermann, Jahnke, Moi, & Koch, 2012).  These 

activities mentioned increased costs, with manual labor for support removal and polishing 

being the most impactful  (Lindermann et al., 2012). The authors also factored in 

materials waste from the support structures and unused powder into their cost model. Pre-

processing costs from the unused powder and support structure were not considered in 

this praxis to accommodate for a general type of AM.   

Using a time-driven activity-based costing (ABC) approach, Lindermann et al. 

identified that the machine cost was the highest contributor at 73%, shown in Figure 2-5. 

Material and post-processing costs are at 11% and 7%, respectively. The authors 
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concluded that there is a potential for cost reduction through automation and optimized 

machine usage, making more AM cost-competitive with traditional manufacturing 

methods  (Lindermann et al., 2012).  

 

Figure 2-5. Cost breakdown structure by a batch size of 190 parts per build 

(Lindermann et al., 2012). 

 

 Lindermann et al. state that one of AM's key advantages is its “complexity-for-

free” characteristic. Unlike traditional methods, manufacturing costs remain unaffected 

by geometry complexity, where complexity drives up the price due to tooling and design 

requirements. Lindermann et al. also highlighted AM’s potential to reduce lifecycle costs 

through lightweight designs and weight reduction, where an aircraft's one kilogram (1kg) 

weight reduction saves $3000 annually in fuel costs. It is good to note that the study was 

published in 2012, so automation and AM technology were still in development, and the 
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authors also mentioned incorporating an expanded list of variables for future 

improvements in AM processing.  

In contrast with Lindermann et al., Rickenbacher et. al. provided a broader lifecycle 

cost analysis that addressed simultaneous part production with varying geometries, 

incorporating pre- and post-processing costs. Like Lindermann et al., the author uses the 

ABC approach for pellet and filament-based AM processes compared to traditional 

manufacturing techniques. Lindermann et al’s application of the ABC method is a good 

addition to this literature review because it quantifies the costs and provides insights into 

which parts of the AM process contributed most to overall expenses, while Rickenbacher 

et al’s model showed that optimized build space utilization achieved a 41% reduction in 

per-part cost (Rickenbacher, Spierings, & Wegener, 2013). While geometry and build 

utilization are not considered in this praxis, the models presented by Lindermann and 

Rickenbacher showcased AM's cost reduction compared to its traditional counterparts. 

Both authors focused on cost drivers in the AM’s lifecycle that were considered in this 

praxis’ model variables, such as in-processing and post-processing during the transition 

of MFS to AM.  

A slight pivot to the medical industry showing comparative costs for AM and the 

production of metallic tube-forming tools (Previtali, Demir, Bucconi, Crosato, & Penasa, 

2017) identified the factors in process that make additive production advantageous over 

the traditional methods. The authors evaluated an additive-subtractive manufacturing 

hybrid approach. The foundation of their work was taken from Ashby et al. who 

established that the cost per each phase of a generic production cycle is composed of 

material cost, tooling, die cost, equipment cost, and overhead cost. Traditional machines 
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incur an expensive amount of operational costs that are driven by material waste, 

prolonged production cycles, and reliance on specialized tooling for each part. According 

to Previtali et al., a minimum of 30% weight reduction is achieved by applying AM, 

which can translate into direct savings in materials cost and build time.  While capital 

costs remain a barrier, Previtali et al. conducted a study that identified efficiencies in 

high-mix, low-volume production using AM, outweighing the upfront expenses, much 

like Ruffo et al..  

Expanding the ABC model by Alexander et. al., focusing more on orientation 

strategies to improve productivity, pellet-based AM technology cost model added manual 

intervention, machine depreciation, energy, and facility costs for automotive series 

production (Kampker, Ayvaz, Lukas, Hohenstein, & Krömer, 2019). Kampker et al. 

incorporate manual interventions such as nozzle maintenance and filament 

troubleshooting, something this praxis does not consider. It is good to note that specific 

manual interactions must be considered and that cost model variables depend on the kind 

of AM technology for different applications. To reiterate, this praxis assumes a general 

type of AM technology. Additionally, Kampker et al. pointed to the high costs associated 

with specialized tooling, material waste, and intensive energy operations as contributors 

to traditional manufacturing methods' inefficiencies, while AM processes, like fused 

layer modeling (FLM), offer opportunities for cost reduction through material 

optimization and simplicity of manufacturing complex parts. Kampker et al. reference 

BMW’s integrated AM in their production line, using the use case of the BMW i8 

Roadster and holder cover, a case study added to this praxis. 
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 This section outlines existing research concluding that AM, regardless of the type 

of AM technology, outperforms traditional methods due to the high operational cost 

associated with conventional methods. Section 2.2 highlights critical cost drivers such as 

labor, equipment costs, and materials during in- and post-processing, which this praxis 

considers. All studies and papers referenced, though not all outlined in detail in this 

literature review due to page limitation for this praxis, are found in Table 2-1. The table 

serves as a visual aid for the verification of the variables during the research synthesis 

and lists all the papers read for this section. The key variables in the methodology section 

were chosen based on the literature review conducted for cost models. The table is 

broken into different columns, namely AM processed considered, the conduct of case 

studies, cost per part, cost per unit volume, pre-processing cost considerations, in-

processing cost considerations, post-processing considerations, and equipment capital 

purchase.  
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Table 2-1. Overview of AM cost models improved from (Kampker et al., 2019). 
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(Alexander, Allen, & Dutta, 

1998) 

General, 

FDM®, 

SLA 

 X  X X X  

(Hopkinson & Dickens, 2003) 

SLA, 

FDM®, 

SLA 

 X   X   

(Ruffo et al., 2006) SLS  X   X X X 

(Ruffo & Hague, 2007) SLS  X   X X X 

(Ingole, Kuthe, Thakare, & 

Talankar, 2009) 
FDM X   X X X  

(Atzeni & Salmi, 2012) SLS X X  X X X  

(M Baumers et al., 2012) DMLS  X X X X X X 

(Lindermann et al., 2012) SLM, LS X X X X X X X 

(Zhu, Dhokia, & Newman, 

2012) 

General, 

FFF 
X X  X X X  

(Rickenbacher et al., 2013) SLM 
 X  X X X  

(Ashby, Shercliff, & Cebon, 

2013) SLM 
X X  X X X  

(Schröder, Falk, & Schmitt, 

2015) 

General, 

SLA, SLS, 

FDM®, 

SLM, 

EBM®, 

Laser 

Cladding 

X X X X X X 
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(Liu, Huang, Mokasdar, Zhou, 

& Hou, 2014) 

General, 

DMLS 
X X  X X X  

(Thomas, 2016) LS 
 X  X X X  

(Martin Baumers, Dickens, 

Tuck, & Hague, 2016) EBM® 
  X X X X  

(Li, Jia, Cheng, & Hu, 2017) 
General, 

LS 
X X  X X X X 

(Achillas, Tzetzis, & 

Raimondo, 2017) 

General, 

PolyJet, 

FDM®, 

SLA, SLS 

X X  X X X  

(Costabile et al., 2017) 

General, 

SLA, 

FDM®, 

SLS, 

DMLS, 

EBM® 

X X X X X X X 

(Previtali et al., 2017) SLM X X X X X X X 

(Kampker et al., 2019) 
ME, FLM, 

FDM® 
X X  X X X  

(Kadir, Yusof, & Wahab, 

2020) 
General X X X X X X  

(Wiese, Thiede, & Herrmann, 

2020) 

PBF, ME, 

VP, MJ 
X X  X X X  

(Taghian et al., 2023) L-PBF X X  X X X X 

(Khanna, Salvi, Karaş, Fairoz, 

& Shokrani, 2024) 
PBF, DED X X  X X X X 

 

2.3 SD Cost Management Tool 

The research product leverages an SD tool to assess the cost of the gradual process 

transition of MFS to AM in production. The tool provides a framework for analyzing the 

relationship between the cost of materials, operations, equipment, labor, and capital 

purchase of the equipment (Tao & Li, 2014). SD were chosen for this study to evaluate 

the interdependent production cost drivers’ relationships of the transition from MFS to 

AM.  One of the key strengths of SD is its ability to perform time-dependent analysis, 
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making it a suitable tool for managing costs for gradual rollouts for long-term process 

transitions.  

Tao & Li highlight the effectiveness of SD in assessing the costs associated with 

transitioning from traditional solid manufacturing to AM processes. The authors modeled 

value assessment through Net Present Value (NPV) over a ten-year timeline. It is good to 

note that examining a 10-year timeline for transitioning to AM is typical in a production 

environment, as this praxis reflects (Högman, 2011). The 10-year timeline allows 

businesses to plan for significant investment in equipment, training, and infrastructure 

required for AM adoption while providing time to evaluate the long-term return on 

investment. (Tao & Li, 2014). AM is a relatively new technology, and a decade timeline 

captures advancements in technology, materials, and cost management methods that can 

influence its feasibility and competitiveness against traditional machine manufacturing. 

Transitioning to AM is rarely instantaneous. A 10-year timeline accommodates the 

gradual scaling of operations, integration of technology into existing production 

workflows, and development of supply chains. 

Similar to Tao & Li, other authors explore the integration of system dynamics and 

process-based cost modeling (PBC), a variation of the ABC method, of a process in 

manufacturing (Orji & Wei, 2016). While Orji and Wei do not specifically investigate 

AM processes, the authors emphasize the reduction of lifecycle costs and carbon 

emissions in green machining manufacturing compared to traditional machining 

manufacturing. The SD model is shown in Figure 2-6.  The author’s key findings show 

that green manufacturing, focusing on recycled materials and modified machining 

protocols, leads to lower lifecycle costs through energy savings. For example, recycled 
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materials and avoiding cutting fluids minimizes cost by 6% lifecycle costs, 16% machine 

energy consumption, and 27% materials costs (Orji & Wei, 2016). Even though the paper 

by Orji and Wei primarily focuses on green manufacturing, its integration of SD for 

lifecycle cost assessment provides a valuable framework that can be adapted to evaluate 

AM transition into production. The paper emphasized integrating multiple cost drivers, 

such as production costs and material wastage. SD allows decision-makers to compare 

different production methods, optimize resource allocation, and evaluate the long-term 

economic impacts of AM transition by incorporating scenario simulations.  

 

Figure 2-6. Example of SD model from (Orji & Wei, 2016). 

 

 Li et al. evaluated the integration of AM into spare parts supply chains by 

comparing conventional, centralized-AM-based, and decentralized AM-based supply 
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chains using SD and leveraged on-demand production. They minimized the number of 

supply chain tiers contributing to AM-based supply chains' cost efficiency by reducing 

transportation, inventory, and administrative costs. Complex interactions such as material 

flows, transportation delays, and demand variability were captured. Over a 1000-day 

simulation, the conventional supply chain amounted to €129,161, which is higher than 

both the centralized AM-based supply chain at €94.758 and the decentralized AM-based 

supply chain at €59,761, with the latter reducing costs by 54%  (Li et al., 2017). Although 

equipment costs were higher for AM-based processes, the overall cost efficiency 

highlights AM’s viability as an alternative method, with AM achieving 40-60% 

reductions due to on-demand production (Li et al., 2017). The paper from Li et al 

provides a breakdown of cost efficiencies when integrating AM into the spare parts 

supply chain.  

 The study conducted by Ghadge et al considered the impact of AM on supply 

chain, focusing on aircraft spare parts and the replacement of conventional manufacturing 

systems using AM-based systems. Their results demonstrate that an AM transition 

enhances the performance of the supply chain by evaluating factors such as inventory 

levels reduction, minimized lead time, and improved responsiveness. Over a period of 5 

years, the authors leveraged SD modeling to access the factors that contribute to supply 

chain performance.  

Ghadge et al. found that AM reduces aggregate inventory levels to 25% of the 

inventory required in CM systems, a reduction attributed to the elimination of Regional 

Distribution Centers (RDC) in AM systems and spare parts produced on demand at 

Service Locations (SLs). Conventional manufacturing also incurs inventory holding costs 
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exceeding $4.5 million, while AM systems reduce these costs by $1 million, achieving a 

77% cost reduction (Ghadge, Karantoni, Chaudhuri, & Srinivasan, 2018).  

The authors also found that AM leads to lower delays and pipeline stock by 

eliminating delivery lead times by manufacturing parts at SLs locally. The results from 

the study by Ghadge et al. focus on AM’s potential for cost reduction and supply chain 

demand responsiveness using SD modeling, simulating interactions between dynamic 

production systems and looking at the optimization of supply chain and production 

configurations.  

The praxis methods and results aim to provide a big-picture and macro-level 

understanding of the interactions between cost drivers such as materials, operations, 

labor, and equipment capital purchase over time. SD represent the entire system, 

accounting for feedback loops and interdependencies between the cost factors and 

variables that other methods, such as linear regression and static models, lack (Tao & Li, 

2014). In addition, iterative adjustments can be implemented where the cost management 

tool can be updated with real-time data, making SD suitable for production environments 

with evolving technologies and processes. Gradual rollouts of a long-term process 

transition are standard in a production environment setting, where a SD tool can help 

provide insights into transitions unfolding over weeks, months, or years.  

A different models offer another perspective using a simulation-based process model 

and design structure matrix to manage complex projects (Cho & Eppinger, 2005). This 

model leverages advanced simulation techniques to forecast lead times within stochastic, 

resource-constrained project networks, where iterations among sequential, parallel, and 

overlapped tasks occur (Cho & Eppinger, 2005). While this praxis focuses on SD, Cho 
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and Eppinger introduced the iterative model approach, which focuses on improving 

project planning and control by identifying critical points in alternative methods in 

process improvements. One of the things Cho and Eppinger lack in their models is the 

ability to capture system-wide behavior. While their model was capable of forecasting 

lead times, an SD approach would have been able to focus on feedback loops, stock-and-

flow systems, and time-dependent variables, which is ideal for understanding various 

parts of the system interactions. In addition, SD allows for dynamic simulation to assess 

system behavior that evolves under different scenarios.  

 Another study, published in IEEE Transactions on Engineering Management, 

explores radical technology innovations, leveraging a multidimensional approach (Green, 

Gavin, & Aiman-Smith, 1995). Green et al. aimed to address inconsistencies in a rigorous 

technological development and reliability process. The study identifies four dimensions 

of radicalness, such as technological uncertainty, technical inexperience, business 

inexperience, and technology cost, incorporated into a product as a diagnostic tool in 

project management. The authors define their variables as technology cost and the 

experiences related to technical and business aspects, which align closely with the 

considerations necessary for managing the transition effectively. While Green et al. did 

not use SD, the study could have benefited from incorporating SD to model 

interdependencies, facilitate a dynamic simulation, test scenarios, and predict the impacts 

of technological transition.  

2.4 AM Benefits: Reduced Buy-to-fly (BTF) Ratios 

The MFS method requires the removal of material from a metal block or billet to 

achieve the final part, leading to high scrap rates and increased material wastage.  Figure 
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2-7 shows a typical MFS scenario. The BTF ratio is the ratio between the original weight 

of the billet and the final part, or near net shape, of the component considered. A high 

BTF ratio means that a lot of material is wasted, often as scrap. On the other hand, the 

lower BTF ratio means that little material is wasted, or no material is lost.  

 

Figure 2-7.  A comparison between the volume of material in a near-net shape 

(represented in blue) and the larger original billet volume (gray). Figure adapted 

from (Allen, 2006). 

In aerospace applications, the reduced BTF ratio drives cost-effectiveness and 

manufacturing efficiency. Figure 2-7 shows that up to 98% of the original billet is 

machined away to achieve the near net in a traditional MFS process (Allen, 2006). 

Another study addressed the inefficiencies of conventional manufacturing, where only 

10% of purchased material becomes part of the final product (Voice, 2006).  The MFS 

process incurs excessive costs due to extended machining times and longer production 

cycles due to rework. Metal billets also have an extended lead time of up to 6 months to a 

year, which can cause disruptions in production (Febriani & Komarudin, 2022). Due to 

the minimal lead time for sourcing metal billets and the need for long procurement 

processes, AM has become a more cost-effective alternative (Islam et al., 2024) . AM can 
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alleviate these issues with more efficient production involving minimal waste and faster 

production cycles.  

When parts fail to meet quality standards, rework costs up to $1 million per year is 

the total that can be calculated based on a variety of elements such as direct rework costs 

(materials and labor), indirect labor costs (machine time and repeated quality control), 

overhead costs, opportunity costs (production delays), and scrap costs (Greis, 1995).  

This praxis focuses on replacing the excessive cost of the MFS manufacturing process 

due to repetitive rework in production. The MFS process starts with a large billet of metal 

machined down to the net shape, as seen in Figure 2-7; materials waste is aggravated due 

to the subtractive nature of MFS processes (Allen, 2006).   

Dehoff et. al. compared traditional machining and AM processes using Electron 

Beam Melting (EBM), achieving a 1:1 BTF ratio by constructing a Bleed Air Leak 

Detect (BALD) bracket for Lockheed Martin Joint Strike Fighter. The reduction of the 

BTF ratio led to a 50% reduction in materials and production costs while meeting the 

ASTM standards  (Dehoff et al., 2013).  Traditional machined components can have a 

buy-to-fly ratio as high as 33:1 for a small component such as a bracket and can be 

reduced to nearly 1:1 using an AM approach (Dehoff et al., 2013).  Rework worsens the 

issue by requiring additional material replacement, re-machining of the metal billets, and 

additional machining cycles, increasing materials costs, operational costs, and equipment 

runtime (Greis, 1995). AM can reduce waste where a near-net shape with a lower BTF 

ratio drives production costs lower. Reducing material waste through a lower BTF ratio is 

essential to improving production efficiency.  
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The integration of AM with composite materials further amplifies waste reduction. 

By its very nature, AM produces minimal waste because materials are added layer by 

layer to form a part, unlike subtractive methods like machining. Research by Atzeni & 

Atzeni and Salmi highlights that using AM in composite materials dramatically reduced 

the BTF ratio, sometimes approaching 1:1, meaning almost all the material purchased 

ends up in the final product (Atzeni & Salmi, 2012). Other limitations exist despite the 

significant advantages of waste reduction. There remains a challenge in AM composite 

manufacturing about composite scrap and end-of-life components disposal, especially for 

thermosets composite matrices. Thermosets cannot be remolded once cured, making them 

less sustainable at the end of their life cycle than metals. Researchers are exploring 

methods to recycle thermoset composites through chemical recycling or converting them 

into secondary products  (Zhang, Chevali, Wang, & Wang, 2020). This praxis is 

insensitive to the type of materials currently used and generally refers to “metals” and 

“composites,” which is another opportunity for future work. 

One of the primary advantages of transitioning to AM manufacturing is the near-net 

shape manufacturing that the process allows. In the case of additive compression 

molding, for example, the need for post-processing or material waste is mitigated due to 

materials being shaped immediately resembling the final component (Gibson, Rosen, & 

Stucker, 2015). Compared to traditional metal machining, AM reduces scrap rates to as 

low as 10% or less (Gibson et al., 2015). The transition to AM offers significant potential 

for BTF ratios and waste reductions. Near-net shape manufacturing through AM using 

advanced composite production has the potential for reduced material waste compared to 

traditional metal machining. Recycling difficulties and end-of-life disposal remain 
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challenges in materials such as composites, and research is ongoing to increase the 

sustainability and efficiency of these materials and processes for the aerospace industry.  

2.5 AM Benefits: Production Costs Efficiency 

Despite initial investments in AM equipment, studies often highlight long-term 

savings through direct and indirect cost analysis. Financial implications over time can be 

analyzed using the lifecycle analysis, which includes operational costs. Greis highlights 

adopting an efficient process such as forming technologies compared to cutting 

technologies, lowering production costs through reduced material usage by achieving 

near net shape, higher productivity rates, and waste minimization. In the study, while 

forming machines requires a higher capital investment, forming machines can operate up 

to 30 times more efficiently than traditional cutting machining methods in high-volume 

production (Greis, 1995). The burden of the initial investments against long-term 

efficiencies and savings is a critical aspect of transitioning to new manufacturing 

processes in the cost-benefit analysis. Thomas accounted for reduced material use, lower 

inventory costs, and the environmental benefits of decreased waste, providing a 

framework for conducting cost analyses of AM processes (Thomas, 2016). A study by 

Greis claims that production changes can ripple through the supply chain, affecting 

overall systemic cost reduction. This praxis, therefore, incorporates the examination of 

different production volumes.  

US EPA studied lean manufacturing strategies, illustrating cost reductions as a focus 

in transitioning new processes in production. Reducing waste and improving efficiencies 

in these processes can, in turn, streamline the production process, leading to cost savings 

in the long run (EPA, 2000).  The report that the EPA produced assesses composite 
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materials as an option for AM in aerospace applications. The report focused on the role of 

composite materials manufactured through AM in reducing weight and enhancing 

performance (EPA, 2000). The operational expenses, rework costs, and production delays 

addressed in the EPA case studies directly apply to the challenges of transitioning to a 

more cost-effective process, such as AM in producing aerospace components like 

brackets.  

NASA documents offer valuable insights into the themes of cost reduction and risk 

management in transitioning new processes in aerospace manufacturing, mainly focusing 

on the shift from traditional metal brackets to AM molded composite structures. Gradl 

analyzes metal AM in spaceflight applications, emphasizing the significant cost savings 

achievable in low-to-medium volume production scenarios. Specifically, the study 

illustrates how adopting AM processes led to up to 60% cost reduction in parts used on 

NASA's Space Launch System (Gradl, 2022). Another NASA report by Gradl focuses on 

the critical aspect of robust process selection for metal AM. The author reports on the 

importance of a careful approach to selecting AM processes tailored to the specific 

requirements of aerospace applications, focusing on strategic process selection, which is 

critical to mitigating risks associated with adopting new manufacturing technologies 

(Gradl, Park, & Tinker, 2022). The successful integration of AM in any production 

environments producing aerospace components is contingent on careful evaluation, as 

these NASA documents highlight the potential of AM in the aerospace sector, offering a 

roadmap to cost management during the transition of any process to the existing 

manufacturing environment.  
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2.6 AM Benefits: Manufacturing Efficiency 

As seen in the previous section, AM processes offer enhanced manufacturing 

efficiency, unlike MFS methods, through a decreased BTF ratio. Other studies also 

mention reduced cycle times, lower energy consumption, the potential for recycling, and 

AM’s ability to streamline production, reduce waste, and shorten lead times. Caffrey and 

Wohlers emphasize the role of AM in achieving manufacturing efficiency through design 

freedom, customization, and the consolidation of parts, which reduces assembly 

requirements and simplifies the supply chain (Caffrey & Wohlers, 2015). The authors, 

Nguyen and Vignat focus on topology optimization as a tool for designing products 

specifically for AM highlights the potential for increased manufacturing efficiency 

(Nguyen & Vignat, 2017). A compelling case may be made for the widespread adoption 

of AM since manufacturing flexibility accelerates production cycles and cost reduction.  

Other authors like Barocio et al. and Biron focus on composite materials. Biron 

discusses the application of thermoplastic materials manufactured through the AM 

method. AM achieves nearly 0% material waste by constructing components in a near-net 

shape for thermoplastic materials. (Biron, 2013).   While the focus was on thermoplastic 

materials, adding this literature to AM’s use cases is beneficial—the manufacturability of 

thermoplastic parts through AM highlights reduced cycle times. As mentioned in 

previous sections, AM also allows for the fabrication of complex geometries without the 

complications of specialized tooling in MFS methods. AM technologies have the 

potential for weight reduction as well. According to Pearce, AM technologies enable the 

production of geometrically complex structures that are difficult, if not impossible, to 

achieve with conventional subtractive manufacturing methods (Pearce, 2015).   
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Srinivas Yadav et. al. reported on the development of composite mounting brackets, 

which resulted in a significant 40% weight saving compared to aluminum alloy brackets, 

directly addressing the critical aerospace application need for components with high 

specific strength and reduced weight (Srinivas Yadav, Ramalingam, Bari Babu, & 

Sharada Prabhakar, 2020). The impact of weight savings in implementing AM 

technologies is presented in another study by Atzeni and Salmi. The authors point out the 

direct and indirect cost savings achieved through reduced material usage, decreased fuel 

consumption, and lower emissions that contribute to the economic potential of AM for 

aerospace applications (Atzeni & Salmi, 2012).   

Barocio et al. address manufacturing efficiency and risk management with 

implications for cost savings by developing more durable and lightweight aerospace 

composite brackets. Other authors note that AM offers design freedom and enables the 

integration of functionally graded materials, which can optimize the weight-to-strength 

ratio crucial for aerospace applications (Gibson et al., 2015). A manufacturing approach 

through the additive fusion method, replacing traditionally machined metallic 

components, offers weight reductions and potential enhancements in structural 

characteristics of durability, fatigue, and serviceability (Barocio et al., 2023).  Focusing 

on the critical role fiber length plays in reinforcing composites, a method of achieving 

enhanced stability and reduced variability in strength characteristics through a hybrid of 

continuous and discontinuous fibers is presented to illustrate the balance between 

manufacturing flexibility and strength. By employing a hybrid approach that combines 

long discontinuous fiber platelets and continuous fiber preforms, Barocio et al. noted an 
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increase in the load at the onset of failure for an overhead bin pin bracket geometry, 

indicative of an improvement in strength (Barocio et al., 2023).  

2.7 Summary  

The literature review section gathers a selection of studies focusing on AM cost 

models, system dynamics, and AM benefits. Section 2.2 outlines the different existing 

AM cost models. As shown in Figure 2-2, AM costs and business models comprised only 

4% of the pie chart. While general studies of AM involving mechanical properties and 

general technological advancements are the majority, AM cost models need attention to 

implement AM successfully in the existing production environment. Costabile et al. 

(2017) gathered existing cost models for AM. While some use static models in Excel, 

multiple researchers offer cost models, as seen in Table 2-1 focusing on material, labor, 

and machine costs. Praxis also considers these topics the main drivers of the proposed 

research product; the variables selected in the methodology section represent a 

combination of those discussed in section 2.2. AM can reduce waste by creating a near-

net shape with a lower BTF ratio, lowering production costs.  

Sections 2.3 introduce other authors who use SD tools to assess the cost of the 

gradual process transition supply chain and production improvements. The research 

product of this praxis also leverages an SD method to determine the price of the gradual 

process transition of MFS to AM in production. The selection of SD offers a holistic 

advantage where the system can capture interdependencies and dynamic behavior over a 

period of time. SD can also be used to study the optimum transition period since SD 

leverages system behavior over time and is ideal for evaluating long-term transitions and 

scaling production volumes. Static models are limited in this regard. For example, Tao & 
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Li highlighted the effectiveness of SD in assessing the costs associated with transitioning 

from traditional solid manufacturing to AM processes.  

Sections 2.4 to 2.6 highlight AM's benefits regarding reduced BTF ratios and 

production cost efficiency. The MFS method requires the removal of material from a 

metal block or billet to achieve the final part, leading to high scrap rates and increased 

material wastage, which raises production costs. AM can alleviate these challenges with 

more efficient production involving minimal waste and faster production cycles. One 

case study was presented by Dehoff et al., which compared traditional machining and 

AM processes in manufacturing the Bleed Air Leak Detect (BALD) bracket for the 

Lockheed Martin Joint Strike Fighter. The reduction of the BTF ratio led to a 50% 

reduction in materials and production costs (Dehoff et al., 2013).   Lowering the BTF 

ratio, achieved through AM, is essential to improve production cost efficiency.  

Long-term savings through direct and indirect cost analysis outweigh AM 

equipment's high initial capital cost. Greis showed that while machines implemented in 

the new and better process require a higher capital investment, they can operate up to 30 

times more efficiently than traditional cutting machining methods. Gradl’s 2022 research 

demonstrates that implementing AM processes reduced part costs by up to 60% for 

NASA's Space Launch System. Manufacturers can achieve efficiency by reducing BTF 

ratios and minimizing weight and waste. Additional studies highlight how AM improves 

production efficiency by achieving reduced cycle times, lower energy consumption, and 

recyclable materials that minimize waste and shorten lead times. Pursuing weight savings 

in aerospace manufacturing, mainly through transitioning from traditional metal brackets 

to AM-molded thermoplastic composite structures, is an area of growing interest and 
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research.  This section highlights the benefits of AM transition and cautions the reader of 

its gaps, which are recommended to be addressed in future work. Building on the 

foundation of this section, the next chapter integrates the variables and considerations to 

focus on several critical cost drivers, such as materials costs, labor costs, and equipment 

costs. 
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3 Chapter 3—Methodology 

3.1  Introduction 

Chapter 3 outlines the framework for synthesizing the SD cost management tool 

that supports moving from MFS to AM. This section comprises data assumptions, 

variable definition, SD set-up, verification, sensitivity analysis, and validation techniques. 

Praxis intends to create a cost management prototype tool to find the best time to 

integrate the AM process into current production by evaluating cost-benefit curves, 

implementation timelines, and production volumes based on public data and information. 

A complete analysis of production cost savings was attempted. Due to time constraints, 

this praxis only offers preliminary results for production cost savings.   

The research product leverages an SD tool that uses several variables from the 

literature review section to define the primary cost drivers broken up into a few 

categories, namely operational, materials, equipment, and rework costs. Inflation is 

considered in the cost management tool to accommodate outdated data in this praxis. The 

method for the research product integrates a reinforcing feedback loop between current 

production, rework, scrap rates, waste generation, and waste reduction when transitioning 

the MFS process to AM. The research uses a stock-flow approach to study the process 

transition and investigates current production with 100% Ti-based MFS processes and 

desired production with AM, representing proposed production. Production volume is 

also considered when studying production scaling of AM implementation and its 

feasibility.  
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3.2 Data Assumptions 

The data used to address the RQs and the H’s are taken from publicly available 

sources such as U.S. Labor Statistics, AFRL, DTIC, Rolls Royce, and Boeing (Statistics, 

2023). The SD tool focuses on localized operational costs, material base, and rework 

costs. The localized operational costs contain datasets, including machining, finishing, 

and inspection labor expenses  (Statistics, 2023). Sensitivity analyses were conducted 

within the VENSIM framework to account for variations in raw materials and prices. 

To ensure confidentiality, the datasets have been sanitized, and information has 

been edited to remove sensitive details while providing baseline data for evaluating cost. 

The analysis relied heavily on data from Roll Royce, AFRL, and Boeing because 

industry-standard costs, material efficiency figures, and operational benchmarks came 

from publicly accessible sources (Statistics, 2023). Operational costs, raw materials, and 

rework are the primary improvement drivers assumed for the research product, according 

to the literature review, as seen in Table 2-1. Due to the study's scope and time 

constraints, the model only considers these variables in production.  Extending the 

validation process to include more complex factors would not be within the scope of this 

research but is recommended for future research. 

The study’s data is derived from aerospace case studies from Rolls Royce, 

AFRL/DTIC, and Boeing with the assumption of a 1–5-year qualification phase. Cost 

savings are projected depending on gradual, early, and late implementation scenarios. 

The model assumes a high initial capital requirement, especially with AM adoption, 

while using historical inflation patterns from the U.S. Labor Statistics (Statistics, 2025). 
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NASA’s technology readiness levels (TRL) framework is a fundamental factor 

that directs the technology qualification process throughout the technology 

implementation qualification phase. The TRL scale covers TRL 1, which represents 

observed basic principles up to TRL 9, which demonstrates proven operational capability 

within a mission environment as seen in Figure 3-1 (National Aeronautics and Space 

Administration, 2025).  

 

Figure 3-1. NASA TRL Details (National Aeronautics and Space Administration, 

2025). 
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NASA’s TRL guidelines offer methods for assessing a technology's maturity stage before 

production deployment, determining when and how to advance new technologies during 

technology qualification. 

Selecting years 1, 3, and 5 aligns with different TRLs and strategic priorities for 

early, gradual, and late implementation timelines. Implementation in year 1 assumes that 

technology has a higher TRL, TRL 7-9, is well-developed, and requires minimal 

qualification before deployment, making early investment a viable option. 

Implementation in year 3 corresponds to a mature TRL (4-6), where the technology 

undergoes final validation and integration, necessitating a moderate qualification period 

before full-scale adoption, a typical production process. Implementation in year 5, on the 

other hand, assumes the technology has a less mature TRL (1-3), requiring extensive 

development and risk reduction before qualification begins. This research assumes that 

no risk mitigation actions occurred throughout the transition period. The potential risks of 

transitioning from MFS to AM remained unaddressed. A structured risk register could 

become a crucial research topic that would enable the systematic identification and 

management of risks within system dynamics models for cost management. 

  Figure 3-2 shows the assumed process diagram used for the next section. The 

diagram showcases a typical transition from Funding Acquired for Technology 

Implementation to process Optimization in adopting new manufacturing technologies, 

particularly AM in aerospace production.  The transition begins with securing funding, 

which enables Technology Qualification to assess the feasibility, material properties, and 

certification requirements of AM processes to meet industry standards (Bourell & Rosen, 

2009).   Simultaneously, an Initial Capital Service Purchase is made to support necessary 
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infrastructure investments, ensuring that resources such as workforce training, software, 

and material procurement are in place (Gibson et al., 2015).  

 

 

Figure 3-2. Visual representation of high-level technology integration in production, 

a flowchart generated for this praxis. 

The Equipment Capital Purchase facilitates the acquisition of AM machinery once 

the technology is qualified. This equipment can consist of 3D printers, finishing 

equipment, quality inspection tools, and items essential for production scale-up (Frazier, 

2014). When the Equipment Capital Purchase is finalized, the transition from MFS to 

AM processes activity is triggered, known as the Proposed Implementation Start. In this 

phase, process validation, specification release, and initial trial runs are conducted to 

validate manufacturability and reliability.  

When production reaches full capacity, the Proposed Production Implementation 

100% represents a complete integration of AM technology into aerospace manufacturing 

processes to enhance waste reduction and efficiency while reducing rework costs. 

(DebRoy et al., 2018). The process ends with Process Optimization, which involves fine-

tuning production parameters while streamlining supply chain logistics and performing 

cost-benefit analyses to achieve maximum efficiency and maintain competitive advantage 

(Thompson et al., 2016). 
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The structure in Figure 3-2 corresponds with current academic research on 

aerospace applications of AM since it presents a systematic balance between 

technological feasibility and financial investment with production efficiency in industrial 

settings (Rosen, 2007).  This praxis presents an assumption from referenced studies while 

depicting the methods identified. The practical implementation of the SD tool differs 

based on the specific limitations within industries and their production methods. 

The prototype tool produced as a research product in this praxis cannot be 

implemented in a real production environment without trial implementation. While the 

prototype tool provides the ability to manage production cost, cost activity metrics, and 

production efficiency, these variables represent only one part of the engineering 

validation process. The cost model tool’s estimation accuracy is contingent upon real-

time data. This study developed estimation models based on system dynamics principles 

to evaluate the cost behavior of transitioning from traditional MFS to AM. These models 

incorporate production volume trends, cost-saving projections, waste reduction estimates, 

and rework costs. Case studies are provided to illustrate using the prototype tool. Cost 

models were taken from the literature review, explicitly using Hopkinson and Dickens' 

variables and data.   

This praxis acknowledges that actual technology is needed to validate fully in a 

production environment using real-time data. The limitations of estimation tools arise 

from material properties, process inefficiencies, supply chain constraints, and operational 

variabilities, which cannot be fully captured through the tool alone. This study shows 

modeled projections that need future empirical validation through real-world testing and 

physical implementation. A practical understanding of AM cost management emerges 
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from combining estimation tools with experimental validation techniques. Recent 

developments in the aerospace, automotive, and biomedical sectors led to the evaluation 

of AM because of its increasing importance in today’s engineering fields. This research 

evaluates AM processes as a whole instead of focusing on individual techniques. A wide-

ranging point of view enables an examination of different AM techniques.  

3.3 SD Tool Architecture Overview 

As discussed in the article "Dynamic Modeling of Product Development 

Processes" by David N. Ford and John D. Sterman, system dynamics modeling provides 

a robust framework for understanding the complex interactions within product 

development projects (Ford & Sterman, 1998).VENSIM can deliver a robust platform to 

capture dynamic interactions within a system and the relationship between variables to 

evaluate how a change in one (1) component affects the entire system (Martin Garcia, 

2024). The SD tool developed in this study highlights key interactions in aerospace 

manufacturing, explicitly focusing on production costs, waste generation, waste 

reduction, and manufacturing efficiency over 10 years. Built using VENSIM software 

("VENSIM PLE 10.1.4," 2024), the model is a cost management evaluation tool for 

assessing the transition from MFS to AM. As previously discussed, this study considers a 

limited set of cost drivers derived from literature to ensure the model captures essential 

cost interactions while maintaining computational efficiency.  

The SD tool presented in Figure 3-3 illustrates the cost interactions between 

current titanium-based manufacturing processes and proposed composite-based 

production within production cost savings. The model is structured to capture the flow of 

cost drivers, including operational expenses, material costs, waste generation, and 
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technology qualification, to evaluate how transitioning from titanium to composite 

materials affects overall manufacturing expenses.  Material base cost refers to the initial 

expenses for raw materials, titanium versus composites. Machining labor and costs are 

defined by the total hours required for machining, hourly labor rates, and the overall 

service costs. Similarly, finishing and inspection costs involve labor hours, service rates, 

and the corresponding expenses for finishing and inspecting the machined parts.  

The SD Model, illustrated in Figure 3-3, represents cost interactions between 

current titanium-based manufacturing processes and proposed composite-based 

production, particularly in the context of production cost savings. The model integrates 

stock and flow structures, feedback loops, and external data inputs, simulating cost 

behaviors in a typical aerospace manufacturing environment. The tool captures key cost 

drivers influencing the financial feasibility of transitioning from MFS to AM, including 

material base costs, machining labor, finishing and inspection costs, waste generation, 

and rework costs.  
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Figure 3-3. SD tool infrastructure was created for this praxis. Note that this figure is 

tilted sideways to allow readers to read it legibly.   
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Additionally, the model accounts for other variables, such as current and proposed 

production levels and other technological qualifications. These interconnected variables 

can provide a comprehensive framework for analyzing cost optimization strategies in 

aerospace manufacturing. 

The SD tool creates multiple graphical outputs, such as "Current Production vs. 

Proposed Production" charts. The "Proposed Production" graphs display cost trends for 

traditional MFS and AM over time. The X-axis of these graphs displays the timeline in 

years, and the Y-axis shows the unit production cost in dollars to enable cost trend 

comparisons. A “Current Production vs. Proposed Production” sample chart is shown in 

Figure 3-4.  The model creates "Production Cost Savings" graphs, which examine how 

cost differences appear in various Cost Management implementation strategies using the 

three case studies from Rolls Royce, AFRL/DTIC, and Boeing.   

 

 

 

 

 

 

 

Figure 3-4. Current Production vs. Proposed Production Sample Graph. 
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Figure 3-5 shows a “Production Cost Savings” sample graph. The outputs facilitate 

comparative evaluations of savings patterns, illustrating the financial outcomes of 

adopting AM early versus late.  

 

 

 

 

 

 

 

Figure 3-5. Production Cost Savings Sample Graph. 

This tool enables manufacturers to assess cost-efficient transition plans while 

improving production efficiency and reducing risks related to expensive materials and 

inefficient processes. 

3.4 SD Model Details 

The research product SD tool, through VENSIM, incorporates stock and auxiliary 

variables. The level variables, or stock variables, are accumulations within a system and 

quantities that change over time based on inflows and outflows. Level variables are 

always defined using the “INTEG” function. Level variables are always defined using the 

“INTEG” function. The level variables defined for the research product SD tool are 

Production Cost Savings, Current Production, Proposed Production, Rework Costs, 
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Actual Titanium Operational Cost (MFS Process), Desired Future Titanium Operational 

Cost (MFS Process Transition), Desired Future Composite Operational Cost (AM 

Process Transition), MFS Production Volume, and AM Production Volume. One variable 

in the qualification phase, technology qualification, is a stock variable as it tracks the 

gradual verification and validation of new technology before full-scale implementation. 

The following stock variables represent key accumulative factors influencing cost 

dynamics over time.  

The auxiliary variables, or helper variables, act as an intermediate calculation 

independent of the variables' values. The following variables influence stock variable 

dynamics by affecting cost, efficiency, and production scalability rates. The auxiliary 

variables for this tool are Waste Generation, Waste Reduction, Composite Materials Base 

Cost, and Titanium Materials Base Cost. Variables for the qualification phase, such as 

equipment capital purchase and initial capital service purchase, are also auxiliary 

variables.  The value of the auxiliary variables was taken from the U.S. Labor of 

Statistics and the literature review in Chapter 2.  The assumption is that the scrap rate of 

MFS for titanium billet is 70%, while AM is 7% while reworking of materials refers to 

materials that got scrapped in production due to mismachined materials and excess 

materials from the subtractive nature of MFS. For AM, the scrap rate percentage is lower 

due to the additive nature of the process.  

The research product SD tool in this praxis uses data variables, external inputs 

from Excel files, and constants to feed data to the tool. These variables do not change 

dynamically within the tool structure and serve as a reference for the calculation through 

empirical values, historical data, or assumptions from external datasets from the U.S. 
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Labor Statistics (Statistics, 2023). For all machining costs, finishing costs, inspection cost 

variables for composite and titanium, and inflation and split functions, use GET XLS 

DATA, which imports tabular data from an external Excel file. See Table A-1 for 

inflation data and Table A-2 for cost data for labor rates  

Both the Current and Proposed Production influences the Production Cost Savings 

block. The two key variables represent the baseline titanium-based manufacturing 

method, MFS, and the future composite-based production approach, AM. The waste 

generation and reduction loops highlight the impact of scrap rates on total costs, with 

titanium exhibiting higher material waste than composite manufacturing, which benefits 

from improved material efficiency and waste reduction strategies. Eq. 1 can be expressed 

as the total cost savings from transitioning to composite materials.  

Production Cost Savings = Current Production − Proposed Production            (Eq. 1) 

The Actual Titanium Current Operational Cost (ATCOC) block captures the 

various cost components associated with traditional titanium manufacturing, including 

installation costs (IC), machining maintenance (MM), machining costs (MC), finishing 

costs (FC), and inspection costs (IsC). The total operational cost for titanium can be 

described as: 

ATCOC =  ∑ ATCOC =  ∑(IC + MM + MC + FC + IsC)MFS                     (Eq.2) 

On the proposed production side, the Desired Future Composite Operational Cost 

(DFCOC) block incorporates similar cost elements but with reduced material and 

machining costs due to composite manufacturing efficiencies. The transition to 

composites requires upfront investments in technology qualification, equipment capital 
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purchases, and initial capital service purchases, all of which contribute to early-phase 

expenses. Over time, the cost advantages of materials made through AM emerge due to 

lower machining, finishing, and inspection costs and a reduced scrap rate compared to 

titanium. The projected composite operational cost is given by: 

DFCOC = ∑(IC + MM + MC + FC + IsC)AM                             (Eq. 3) 

The actual time split function and time split function variables represent the 

transition from 100% titanium production to a gradual adoption of composite materials 

over time, structured similarly to a matrix differential equation in linear algebra. The SD 

model visually represents the transition from 100% MFS to a hybrid approach 

incorporating AM, eventually reaching full AM adoption. The left side of the model 

represents the Current Production system, where manufacturers rely entirely on MFS to 

produce parts, and is defined as:  

T(x) = AT(X − 1)                                              (Eq. 4) 

where T(x) is the fraction of production using MFS at the time, x, and A is the retention 

factor for MFS (percentage of MFS production that remains per time step) 

 The right block in the SD architecture represents the Proposed Production 

system, where production manages gradual implementation until reaching 100% AM 

adoption to aim for a reduction in MFS dependency. This transition is modeled through a 

time split function, where part production is initially a combination of MFS and AM until 

it fully adopts AM. Mathematically, this transition is governed by: 

C(x) = BT(x − 1) + C(x − 1)                                         (Eq. 5) 
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where C(x)  is the fraction of production using AM at a time, x, and B is the adoption 

factor for AM (percentage of MFS production that transitions to AM per time step). Eq. 4 

and Eq. 5 can be rewritten as a matrix form: 

  [
T(x)
C(x)

] = [
A 0
B 1

] [
T(x − 1)
C(x − 1)

]                                               (Eq. 6) 

The matrix structure is an exponential decay in MFS production. At the same 

time, AM grows as a function of the shifter MFS process over time and is contingent on 

varying implementation cases defined in the SD tool. The assumption is that each year, 

the total fraction of MFS shifting to AM processes remains conserved, as seen in Eq.7. 

                                                       A + B = 1                                                            (Eq. 7) 

The actual split function and time split function, Eq 4-7, were synthesized for this study 

and input from Excel using the GET XLS DATA function. Eq. 4 and Eq. 5 is a multiplier 

to Eq 2 and 3. See appendix, Table A-3, Table A-4, and Table A-5 for the matrices used.  

Incorporating these datasets into VENSIM enables the model to automatically pull 

information such as inflation trends, operational timelines, and cost rates from their 

respective cells within the Excel file. The GET XLS DATA function allows VENSIM to 

integrate Excel datasets such as inflation rates, time split variables, material costs, and 

labor rates. 

 For effective implementation, the Excel file must be structured appropriately, with 

specific datasets like inflation, production splits, and cost variables organized in separate 

columns across designated sheets. For instance, inflation data is in an " InflationData " 

sheet in the Appendix section. At the same time, time split variables and cost-related data 
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(e.g., materials and labor) are found in a sheet labeled "CostData" in the Appendices 

section.  

The technology implementation qualification phase involves three essential 

elements, namely technology qualification, equipment purchase, and initial capital 

service purchase. Technology qualification involves a process where new technologies 

undergo verification and validation before full integration. In typical aerospace 

production, the qualification process is three (3) years on average. For this research, the 

implementation period is affected by the duration of the qualification process. In the three 

(3) cases presented in the research praxis, the duration for the gradual, early, and late 

implementations is three (3), one (1), and five (5) years, respectively.   

In the technology qualification (TQ) process, Eq. 8 represents an initial investment 

phase where, ti, determines the timing of the qualification effort based on the 

implementation strategy. A value of $200,000 is included at Time <  ti.  

                         TQ =  IF THEN ELSE(Time <  ti, 200000, 0)                                (Eq. 8) 

When  ti= 1, the technology qualification ends, and an upfront investment of 

$200,000 only occurs before finishing the technology qualification at year one (1), 

representing an early implementation. At    ti = 3 and ti = 5 cases, technology 

qualification ends as well, and an upfront investment of $200,000 only occurs before 

qualification ends, representing gradual and late implementation, respectively.  

Eq. 9 refers to the initial capital service purchase (ICSP), which includes up-front 

costs for qualification contracts, proof-of-concept articles, consulting vendors, and other 

activities related to obtaining proof-of-concept. These enable the integration and 
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operation of a manufacturing demonstration or proof of concept and the contracting out 

of the equipment.  

    ICSP =  IF THEN ELSE(Time = 0, 10000, 0)                               (Eq. 9) 

Eq. 9 sets an initial condition in a system dynamics model, assigning a value of 10,000 at 

Time = 0 (the start of the simulation) and 0 for all other steps. Thus, it effectively models 

an initial stock or input that starts the system. 

The equipment capital purchase process (ECPP), defined as Eq. 10, involves 

obtaining the necessary hardware and infrastructure to support technological 

advancements by acquiring parts and equipment after completing the qualification 

process.  

      ECPP =  IF THEN ELSE(Time = tf, 100000, 0)                             (Eq. 10) 

Eq. 10 allows the allocation of the $100,000 at tf, marking the completion of the 

qualification phase. Values of t can be 1, 3, and 5, representing early, gradual, and late 

implementation, respectively. Before and after, tf, the value remains 0, the value remains 

at zero (0), isolating the $100,000 investment only when the qualification phase ends and 

purchasing of the equipment is needed.  

 This section covers the key variables in the SD tool, outlining their relationships 

and defining their values. The evaluation of the transition of MFS to AM depends on the 

variable relationships to create a system behavior structure, as shown in production cost 

comparisons and cost allocations related to TQ, production volume, and production 

savings. The research tool aims to capture the dynamic nature of the manufacturing 

process as an activity-based process and milestone-based transition.  
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3.5 Verification and Sensitivity Analysis 

The SD tool was verified by comparing transition and implementation scenarios 

and conducting multiple case studies from Rolls Royce, AFRL, DTIC, and Boeing. All 

cases had three scenarios: gradual, early, and late implementation. Gradual 

implementation represents a conventional production timeline, with a three-year 

qualification phase completed before technology deployment begins. The strategy 

adheres to standard industry methods, which include extensive evaluation and an attempt 

for risk mitigation measures before complete implementation. Deployment assumes that 

key industry stakeholders have approved the technology and that it has passed 

qualification in all scenarios.  

Early implementation accelerates this process by concluding the qualification 

phase after one year, allowing deployment to commence in year two. This scenario is 

more feasible when the technology has already achieved a high technology readiness 

(TRL). While early implementation is less common, it can occur when industry demand 

and performance validation support a faster transition. 

The qualification phase reaches five years before full-scale deployment happens in 

year six during late implementation. The scenario aimed to examine the most extreme 

case by evaluating how prolonged qualification delays affect financial and operational 

performance. Production environments rarely experience late implementation without the 

funding getting cut especially when technology adoption gets postponed. Full-scale 

deployment follows a three-year qualification phase within a traditional production 

timeline during the gradual implementation process.  
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The implementation approach follows industry best practices that guarantee 

comprehensive evaluation, risk mitigation, and regulatory compliance before fully 

deploying new manufacturing technologies. Early implementation, by contrast, shortens 

the qualification phase to one year, allowing for deployment in year two. High TRL 

technologies that demonstrate validated performance metrics and benefit from strong 

industry demand can make this scenario feasible. Adopting early implementation remains 

atypical but provides substantial financial and operational benefits, especially in 

industries that depend on fast-paced innovation cycles.  

Qualification extends over five years under late implementation, but deployment 

starts in the sixth year. The scenario examines financial and operational risks from 

extended qualification delays despite being rare in competitive production settings by 

analyzing increased material costs and supply chain constraints, which lead to lost 

competitive advantages. The Rolls Royce, AFRL/DTIC, and Boeing datasets include 

detailed information on various cost components in the production process, such as the 

base costs for titanium and composite materials, machining labor hours and rates, 

finishing labor and fees, and inspection labor and expenses. Table 3-1 summarize the 

materials cost used in the SD tool and the Parts per Production labelled as the “number of 

brackets” variable. The values for labor rates are found in the Appendix, Table A-2. This 

analysis also encompasses waste generation rates alongside rework costs for defective 

parts to deliver a complete understanding of production expenses. The model utilizes 

these datasets as its primary inputs to represent aerospace manufacturing scenarios 

accurately in its analysis. 
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Table 3-1. Summary of Materials Cost and Parts per Production Unit. 

Case Study 

Materials Costs / 

Billet Price 

(Dollars)  

Brackets 

per 

Aircraft/s 

Aircraft 

Manufactured     

per Year 

Parts per 

Production 

Unit / 

Number of 

Brackets 

Rolls-Royce $1,000.00  2/ 3 10 30          3/ 

AFRL/DTIC $700.00     2/  5 200 1000      3/ 

Boeing 777  1/ $500.00     2/ 50 640 32000    3/  

Boeing 737  1/ $500.00     2/ 400 300 120000  3/  

Footnotes: 

1/ Boeing 777 and 737 were combined during the study due to the same bracket used in 

both aircraft type.  

2/ Values used for “Materials Costs” variable for each case study.  

3/ Values used for “Number of Brackets” variable for each case study.  

 

3.5.1 Rolls-Royce Case Study 

The Rolls-Royce study considers an initial condition where an average of 10 

aircraft, each utilizing approximately three brackets, undergo manufacturing with 

Titanium Ti-6Al-4V Grade 5 billets priced at $1000 per part (Online, 2025). The 

dimensions of the original billet are 5 in x 8 in x 2 in (Airparts). The final Rolls Royce 

part can be seen in Figure 3-6.  An unknown aircraft type has three brackets, and Rolls 

Royce manufactures 10 aircraft per year. One Rolls Royce bracket production unit for 

this research is 30 bracket parts.   
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Figure 3-6. Rolls-Royce Bracket  (Airparts). 

 

3.5.2 AFRL/DTIC Case Study 

The AFRL/DTIC study considers an initial condition in which an average of 200 

aircraft, each utilizing approximately five brackets, undergo manufacturing with 

Titanium Ti-6Al-4V Grade 5 billets priced at $700 per part (Online, 2025). The 

AFRL/DTIC bracket dimensions are 2 in x 2 in x 3 in (Aerospace). The final part is 

shown in Figure 3-7. An unnamed combat aircraft type has five brackets, and 

AFRL/DTIC manufactures 200 aircraft annually. For this research, one unit of 

AFRL/DTIC bracket is 1000 bracket parts.   
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Figure 3-7. AFRL/DTIC Bracket (Aerospace). 

 

3.5.3 Boeing Case Study 

The Boeing study considers an initial condition where an average of 50 aircraft for 

the Boeing 777 and 400 aircraft for the Boeing 737 undergo production. The number of 

brackets varies by aircraft type. The Wide-body airliner Boeing 777 is estimated to have 

640 brackets per aircraft, totaling 32,000 brackets, while the narrow-body aircraft Boeing 

737 is estimated to have 300 brackets per aircraft, totaling 120,000 brackets (Oestergaard, 

2024). The titanium billet price alone is $500 per part (Oestergaard, 2024). The final 

dimensions of the Boeing bracket are 1.34 in x 2.50 in x 2.39 in, machined from a           

2 in x 3 in x 3 in original billet (Barocio et al., 2023). The final Boeing part is seen in 

Figure 3-8. For this research, one unit of Boeing bracket is 152,000 bracket parts.   
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Figure 3-8. Boeing Bracket (Barocio et al., 2023). 

 

3.6 Validation  

The validation was conducted by replicating key findings from Hopkinson and 

Dickens' study, which examined cost behavior in layer manufacturing and emphasized 

production volume and cost relationships. The validation process was based on 

replicating production volume curves, using their cost variables to create the actual 

production vs. desired production curves, and aligning the projected cost-benefit 

timelines with those observed in their study. 

The validation began with a simple case study involving a lever part chosen for its 

straightforward geometry and manufacturability in traditional and AM processes.  

(Hopkinson & Dickens, 2003). Figure 3-9 This shows the lever part, including the width 

dimension. Selecting this part allowed comparing cost, material usage, and production 

efficiency between conventional MFS and AM techniques. 
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Figure 3-9. Lever Part used for validation (Hopkinson & Dickens, 2003). 

 

The validation process included a break-even analysis to determine when AM 

becomes more economical than conventional machining methods. The study included 

essential cost drivers like material costs, operating expenses, post-processing charges, 

and rework expenditures from Hopkinson and Dickens research. A sensitivity analysis 

examined how changes in production volume, material costs, and operational and post-

processing activities costs affected AM’s cost-effectiveness. 

Production lead time was reviewed in addition to costs because AM is known for 

its quick time-to-market efficiencies in Hopkinson and Dickens's study; this aspect was 

not incorporated for this praxis.  An analysis of build times alongside post-processing 

durations and production throughput measured both manufacturing methods against each 

other. The praxis research attempts to validate Hopkinson and Dickens' findings about the 

cost efficiency of AM for production, which ranges from low to medium volume.  

Analyzing production volume helps identify where AM surpasses traditional 

methods in terms of economic and operational benefits. Analyzing production volume 
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curves enables decision-makers to determine the best time to shift from conventional 

MFS manufacturing to AM processes. Aerospace applications require this perspective 

because they rely on production runs, customized parts, and material conservation to 

motivate AM adoption. Manufacturers who understand these relationships can optimize 

resources and minimize waste while improving supply chain flexibility and implementing 

cost-effective production strategies.   

By leveraging the variables that Hopkinson and Dickens defined in their paper, the 

SD tool was tested for its ability to replicate production volume graphs and deduce cost 

variations under production scales and transition strategies. Using the variables outlined 

in Hopkinson and Dickens' work, the Current Production vs. Proposed Production curve 

was imputed within the SD framework. 

3.7 Summary 

The chapter describes the method for assessing how MFS processes transition into 

AM processes. A VENSIM-based Stock and Flow model was developed to analyze cost 

management strategies for this transition. The methodology integrates empirical data 

from AFRL/DTIC, Boeing, and Rolls-Royce to model implementation scenarios and their 

long-term economic impact. The methodology section presents data assumptions and 

variable definitions while presenting the datasets used by the SD tool. The subsequent 

chapter offers insights into achieving cost savings while minimizing waste and 

determining the best transition times as the results are presented.  

The SD tool is verified and underwent sensitivity analysis by evaluating transition 

and implementation scenarios from multiple case studies that included Rolls Royce, 

AFRL/DTIC, and Boeing. Each case study assessed three implementation strategies in 
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gradual, early, and late adoption scenarios.  The implementation followed traditional 

industry schedules, which included a three-year qualification period before full-scale 

deployment to ensure comprehensive evaluation and risk mitigation. The one-year 

qualification phase in early implementation reflects the fast adoption potential when TRL 

is high.  In contrast, late implementation extended the qualification phase to five years, 

analyzing the delayed deployment's financial and operational impact.  

The validation process was conducted by replicating key findings from 

Hopkinson and Dickens' study, which examined cost behavior in layer manufacturing and 

the relationship between production volume and cost. This study validated the SD tool by 

reproducing production volume curves to align with projected cost-benefit timelines with 

prior research and integrating cost variables to compare actual vs. desired production 

curves. The study chose a lever part for analysis because of its simple shape and 

production possibilities through conventional and AM methods, which directly evaluated 

cost efficiency, material waste consumption, and production performance. 

 The methodology establishes a structured evaluation framework for determining 

financial viability and operational capability when switching from metallic brackets to 

composite options. Through quantitative data analysis and qualitative scenario modeling, 

this approach identifies the most cost-efficient manufacturing route for aerospace 

manufacturers. By leveraging the SD framework, this research comprehensively 

evaluates key cost drivers, production efficiencies, and long-term financial benefits 

associated with the shift to AM processes.    

The SD tool developed in this study provides a structured approach to evaluating 

cost management strategies for transitioning from Metal Fabrication Systems (MFS) to 
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AM in aerospace production. Built using VENSIM software, the model captures key cost 

interactions, waste reduction dynamics, and production efficiencies over 10 years. It 

integrates essential cost drivers, including material base costs, machining expenses, 

inspection costs, waste generation, and rework costs, while accounting for productivity 

improvements and technological advancements.  

The tool visually compares costs using "Current Production vs. Proposed 

Production" graphs. The tool delivers visual cost comparisons between "Current 

Production vs. Proposed Production" and "Production Cost Savings" to demonstrate the 

financial implications of various AM implementation approaches. Implementing AM 

technology promptly results in faster cost reductions because delayed implementation 

extends the time needed to achieve cost neutrality. This model functions as a decision-

making framework, enabling manufacturers to optimize cost efficiency while 

strategically planning for AM integration into aerospace production.  

Validation of Rolls Royce data sets results intends to directly support the thesis by 

confirming cost projections and the feasibility of transitioning into composite structures 

in aerospace manufacturing. This thesis states that a SD model can project and manage 

the transition costs, giving the financial insight and operations required for transition. 

RQ2 and RQ3 specifically ask if implementing a SD model can reduce costs and 

minimize delays associated with transitioning to composites and how the same will 

eventually affect operational efficiency. The next chapter describes the validation results 

on how the SD model manages this transition by comparing the costs of MFS and AM 

processes. The SD tool aims to investigate different implementation strategies.  
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4 Chapter 4—Results 

4.1 Introduction 

This chapter presents the results gathered from running scenarios using the SD tool 

and VENSIM to assess the impact of the transition of the traditional process, MFS, to a 

new process, AM, under different implementation scenarios, production volumes, and 

production cost savings. AM integration leads to production efficiency improvements and 

cost management enhancements while reducing waste. This research investigates the 

impact of AM adoption timing on production financial outcomes and examines how 

transitioning early or late influences cost benefits. Chapter 4 provides aerospace 

companies with information about strategic implementation methods through analysis of 

this transition. Three cases are examined: gradual, early, and late implementation from 

MFS to AM. These scenarios provide insights into how production can optimize its 

adoption strategy based on multiple cost drivers, technological readiness, and operational 

priorities. 

Companies that follow a conservative strategy use gradual implementation to 

control risk at the expense of delayed cost savings. The early implementation strategy 

focuses on achieving quick savings and efficiency while requiring substantial upfront 

investment. Late implementation occurs when companies postpone adoption because of 

regulatory limitations alongside financial or operational challenges. In addition to 

evaluating cost benefits, this chapter explores the relationship between production 

volume and savings, determining how scale impact cost efficiency in AM adoption. 

Higher production volume amplifies cost savings by amortizing fixed costs, and 
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understanding this behavior is beneficial for companies in evaluating whether AM 

adoption aligns with their long-term production strategy. 

The model's usefulness is validated and verified through real-world cases involving 

Rolls-Royce, AFRL/DTIC, Boeing, and Hopkinson and Dickens's study. As a recap, the 

summary of the production unit and number of brackets are presented in Table 3-1. Rolls-

Royce represents low production, AFRL/DTIC represents medium production, and 

Boeing represents high production at 30, 1000, and 152,000 parts per production unit.  

The research verifies its results' practical use by comparing its simulation findings with 

real-world historical and industry data. This chapter presents findings that explain the 

cost impacts of AM adoption in aerospace manufacturing while guiding users considering 

composite material implementation. 

4.2 Case 1 Typical Production Scenario: Gradual Implementation 

Gradual implementation enables manufacturers to evaluate new production 

techniques before deployment to minimize technology adoption risks according to 

NASA’s TRL. Organizations requiring extensive testing and validation processes before 

manufacturing changes must use this approach. A step-by-step implementation method 

provides chances for workforce training and supply chain modifications as production 

systems integrate new manufacturing technologies.  

4.2.1 Rolls-Royce – Gradual Implementation 

The Rolls-Royce case study illustrates a representative example of a gradual 

production transition. The cost-benefit curve, as shown in Figure 4-1, indicates that cost 

neutrality is reached after five to six years, and no savings are made at the end of the 

qualification phase (year 3). 
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Figure 4-1. Rolls-Royce - Gradual Implementation.  

 

This graph shows production costs for Rolls Royce brackets, with the red curve 

indicating current expenses and the blue curve showing proposed costs over a decade. 

The graph displays the cost per unit in dollars on the y-axis and years on the x-axis. The 

current and proposed production costs remain close to zero during the first year before 

current production costs ascend towards $100,000 per unit. The proposed production cost 

increases linearly over time with constant growth. 

From year two through year six, the proposed production cost maintains its linear 

growth pattern until it reaches above $400,000 per unit in year ten. Current production 

expenses show a substantial deviation from proposed production by displaying a 

parabolic pattern, pushing costs above $400,000 per unit during the fifth and sixth years 

and continuing to grow exponentially as time progresses. From year seven onward, the 

production cost increases exponentially, exceeding $1.2 million per unit by year ten.  The 

desired production cost follows a linear progression without deviation and stays around 
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$400,000 for each unit simultaneously. The reliance on expensive traditional machining 

methods results in delayed financial benefits. 

4.2.2 AFRL/DTIC – Gradual Implementation 

The AFRL/DTIC case study represents a similar gradual implementation 

approach. The cost-benefit analysis, as shown in Figure 4-2, reveals that cost neutrality is 

reached at approximately five to six years and indicates no savings are made at the end of 

the qualification phase (years 1-3). 

 

Figure 4-2. AFRL/DTIC - Gradual Implementation 

 

Figure 4-2 highlights the increasing costs of current production versus proposed 

production levels, like the Rolls Royce case. The graph in Figure 4-2 demonstrates an 

exponential rise in production cost as time progresses, with current production 

approaching $400M. Linear behavior is also prominent for the AFRL/DTIC case, with 

proposed production increasing close to $200M. The AFRL/DTIC case provides 

confidence that cost neutrality takes between 5 to 6 years to achieve while underscoring 
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how financial benefits experience delays from continued use of expensive conventional 

machining methods.   

4.2.3 Boeing – Gradual Implementation 

The Boeing case study represents a large-scale production transition scenario with a 

significant volume of aircraft manufacturing. The current production vs. proposed 

production, as shown in Figure 4-3, highlights that cost neutrality is achieved over five to 

six years, no savings are realized at the end of the qualification phase, years 1-3. 

Figure 4-3 demonstrates the relationship between current and proposed production 

levels, showing a steep increase in production costs over time.   

 

Figure 4-3. Boeing – Gradual Implementation 

 

The graph in Figure 4-3 demonstrates an exponential rise in price as time progresses, 

with current production approaching $60B. Linear behavior is also prominent for the 

AFRL/DTIC case, with proposed production increasing close to $20B. Financial benefits 
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are delayed until later, a similar trend exhibited with gradual implementation for Rolls-

Royce and AFRL/DTIC due to prolonged reliance on traditional high-cost machining 

processes. 

4.3 Case 2: Early Implementation 

In this scenario, the qualification phase is accelerated and concluded after one year, 

with deployment occurring in year two. The early implementation case is achievable for 

processes and technology with a higher TRL, 7-9, which can amplify the cost savings and 

advantages sooner than in gradual or late adoption by cutting down the qualification 

phase timeline. Furthermore, the early implementation has a reduced reliance on wasteful 

traditional machining methods at a much faster pace than gradual implementation. As 

presented in the following subsections, this transition results in significant material cost 

savings, process efficiency gains, and a shorter time to achieve financial returns on AM 

investments. In the following subsections, the graphs exhibit two cost neutrality points 

around 1-2 years, which are attributed to the amortization of the qualification cost. The 

cost of AM manufacturing rises after the qualification phase due to the capital purchase 

cost until a second neutrality point around 2-4 years, representing the amortization of the 

non-recurring capital purchase.  

4.3.1 Rolls-Royce – Early Implementation 

For Rolls-Royce, the early implementation model resulted in a cost-benefit 

realization sooner than the gradual implementation scenario, which took around 3-4 

years. The first cost neutrality point was achieved in 1.5 years, as seen in Figure 4-4. The 

second cost neutrality point was achieved in 3-4 years, when the proposed production 
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becomes less expensive and begins to be beneficial. The brief rise during 2-3 is attributed 

to the high cost of the capital equipment purchase.  

 

Figure 4-4. Rolls-Royce - Early Implementation 

 

The graph in Figure 4-4 demonstrates an exponential rise in price as time progresses, 

with current production approaching $1.4M in a decade. Linear behavior is not prominent 

in the early implementation case for Rolls-Royce, with proposed production increasing 

by close to $600,000.  Compared to gradual implementation, the cost savings were 

realized nearly three years earlier, demonstrating that faster AM adoption leads to a 

quicker return on investment (ROI).  

4.3.2 AFRL/DTIC – Early Implementation 

In the AFRL/DTIC case, the early implementation timeline yielded a cost-benefit 

within 2.5 years after the qualification phase. This scenario demonstrated that AM 

adoption at an early stage results in production savings earlier than in the gradual 
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transition, as seen in Figure 4-5 presents AFRL’s cost savings trajectory under early 

implementation.  

 

Figure 4-5. AFRL/DTIC – Early Implementation. 

 

The graph in Figure 4-5 demonstrates an exponential rise in price as time progresses, 

with current production approaching $350M in a decade. Linear behavior is no longer 

prominent in the early implementation case for Rolls-Royce, with proposed production 

staying steady below 100M. In the AFRL/DTIC case, accelerating AM integration could 

offset the initial investment faster, ensuring that cost efficiencies were realized early in 

the transition process. The AFRL model also highlighted that early implementation 

reduced dependence on costly MFS manufacturing. 

4.3.3 Boeing – Early Implementation 

Due to its large-scale production operations, early implementation provided 

substantial advantages for Boeing. In the Boeing case, the first cost neutrality was 
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achieved after 1 year and the second neutrality point beginning in year 4, as seen in 

Figure 4-6. Figure 4-6 provides the cost trends for early implementation for the Boeing 

case. 

 

Figure 4-6. Boeing – Early Implementation. 

 

The graph in Figure 4-6 demonstrates an exponential rise in price as time progresses, 

with current production approaching $40B in a decade. Linear behavior is no longer 

prominent in the early implementation case for Boeing, with proposed production staying 

steady a little bit above 10B. This timeline was faster than in gradual implementation 

cases. It is hypothesized that Boeing’s large-scale production operations amplified their 

cost savings, which validated the advantages of an accelerated AM transition. Boeing’s 

commercial aircraft production depends heavily on cost efficiency, making early 

adoption the most cost-effective method to reinforce rapid AM integration benefits in 

manufacturing environments with large output volumes. 
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4.4 Case 3: Late Implementation 

The late implementation scenario represents a conservative approach where the 

qualification phase is extended to five years, and full-scale adoption does not occur until 

year six. The late implementation scenario represents a conservative approach of 

transition in which the qualification phase spans five years with non-mature TRL, likely 

in the 1-3 range. Organizations operating and budgetary restrictions or risk-averse 

corporate strategies encounter delays in adopting new manufacturing 

technologies. Companies gain more time to adapt and obtain required approvals through 

late implementation but delay realizing cost savings. It results in higher cumulative 

expenditure, as observed in the following subsections. 

4.4.1 Rolls-Royce – Late Implementation 

For Rolls Royce, delaying AM adoption until year six resulted in a slower 

realization of cost benefits. Cost neutrality was not achieved until years 7-8, making it the 

least cost-effective implementation strategy, as illustrated in Figure 4-7. The prolonged 

reliance on traditional machine methods led to sustained high material waste and 

increased labor costs, deduced from the given results.  
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Figure 4-7. Rolls-Royce – Late Implementation. 

Figure 4-7 shows an exponential rise in production costs as time progresses, with 

current production approaching $1.2M in a decade and proposed production to increase 

close to $1.8M. This approach resulted in years of delay in financial benefits and 

demonstrated the disadvantage of postponing AM integration compared to early and 

gradual implementation. 

4.4.2 AFRL/DTIC – Late Implementation 

The qualification phase was extended to five years, leading to increased 

expenditures for maintaining traditional MFS production systems alongside AM 

infrastructure investments. Cost neutrality was achieved only after year 7-8, significantly 

later than in the early and gradual adoption cases. Figure 4-8 illustrates the financial 

burden incurred during the extended qualification period, when the cost per unit remained 

high until full AM integration occurred.  
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Figure 4-8. AFRL/DTIC – Late Implementation 

 

Figure 4-8 shows an exponential rise in production costs as time progresses, with 

current production approaching $150M in a decade and a proposed production increase 

above $100M. For the late implementation, a prolonged financial burden required more 

upfront cost in later years. 

4.4.3 Boeing – Late Implementation 

Boeing's case highlights how late implementation negatively impacts large-scale 

production operations. Due to Boeing’s high manufacturing volumes, the extended 

qualification phase prevented the company from realizing earlier in the adoption process. 

Cost neutrality was delayed closer to year eight.  
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Figure 4-9. Boeing – Late Implementation. 

 

Boeing’s late implementation strategy resulted in higher cumulative production 

costs and delayed cost efficiencies for a prolonged period. The graph in Figure 4-9 

demonstrates an exponential rise in price as time progresses, with current production of 

$20B in a decade and a proposed production increase above $15B.  

4.5 Production Volume vs. Cost 

Understanding the cost-volume relationship is important to evaluating cost when 

new technology scales in production environments. As seen in the previous section, late 

implementation resulted in a prolonged financial burden. This section discusses the 

importance of implementation strategies in different production volumes and scales by 

presenting the relationship between production volume and costs.  

 Figure 4-10 illustrates the downward cost trend per part as production volume 

increases. Early implementation scenarios saw the sharpest declines in per-unit costs due 
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to faster AM integration, as seen in section 4.4. In contrast, late implementation cases 

exhibited slower cost reductions due to prolonged reliance on traditional machining 

methods. As shown in  Figure 4-10, the cost per part decreased significantly as 

production volume increased for Rolls Royce, AFRL/DTIC, and Boeing. The current 

production cost (red curve) followed a downward trajectory and remained above the 

proposed cost (blue curve).  

 

Figure 4-10. Production Volume vs. Cost for Rolls Royce, AFRL/DTIC, and Boeing. 

 

Boeing’s high production volume scenario exhibited the most substantial cost savings. 

Cost per part steadily declined for the actual production cost (red curve) and desired 

production cost (blue curve). 

4.6 Preliminary Production Cost Savings 

While AM cost output initially followed the expected downward cost trajectory, a 

deviation occurred where production costs momentarily plateaued or declined less 

sharply than anticipated. A similar pattern was observed in Figure 4-11, which shows the 

production cost savings for Rolls Royce under different implementation strategies 

(Gradual, Early, and Late Implementation). In all cases, there is a cost savings trend, but 

there is also a noticeable shift. For example, the savings exhibited a temporary decline 
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between year 3 and year 6 followed by a rapid recovery approaching year 10 in Rolls 

Royce gradual implementation case as seen in Figure 4-11.  

 

Figure 4-11. Rolls Royce – Preliminary Cost Savings. 

 

Figure 4-12 confirms the trends observed. It shows production cost savings for 

AFRL and Boeing alongside their distinct implementation approaches. The delay in cost 

reduction becomes apparent through late implementations because they experience 

several years of declining cost savings before demonstrating improvements.  

 

Figure 4-12. AFRL/DTIC – Preliminary Cost Savings. 

 

Figure 4-13 presents Boeing’s cost savings projections across various 

implementation timelines. Although general cost reduction trends remain consistent with 
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projections the savings delay becomes evident especially in late implementation scenarios 

which experience prolonged negative savings before achieving cost benefits. 

 

Figure 4-13. Boeing – Preliminary Cost Savings. 

 

The Production Cost Savings Shift graph in Figure 4-14 for Rolls Royce's gradual 

implementation highlights the discrepancies between the calculated (purple line) and the 

simulated savings from VENSIM (green line). The calculation was done by extracting the 

data from VENSIM and plotting it in Excel. The purple curve represents the expected 

savings derived from subtracting the proposed AM production costs from the current 

traditional machining costs. In contrast, the green curve is the VENSIM-simulated cost 

savings, which deviates due to errors in cost calculations within the model that are 

unidentified at the time. Additional verification was conducted in section 4.7.  

Both curves start by following identical paths, while cost savings persist at zero 

levels throughout the first year. The VENSIM model produces inaccurate cost savings 

estimates during years 3 to 6, resulting in the green curve falling below zero than 

anticipated. This suggests that VENSIM may cost due to incorrect accumulation of 

qualification and implementation expenses. This indicates that VENSIM may 
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overestimate early transition costs due to incorrect accumulation of qualification and 

implementation expenses. 

 

Figure 4-14. Graph showing a shift in Production Costs Savings. 

 

Between the years 6 and 8, the VENSIM model begins to trend in the right 

direction and moves towards expected savings. The period from years 8 to 10 shows 

exponential cost savings growth for both curves yet VENSIM continues to trail behind. 

This delayed cost shift implies that the model underrepresents efficiency gains in AM 

production, making savings appear later than they should. The discrepancy between the 

two curves is likely due to user calculation errors in the VENSIM model, particularly in 

handling cost accumulation, production volume scaling, and efficiency improvements.  

The data of the manual calculation and outputs from VENSIM used for Figure 4-14 is 
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found in the Appendix,  Table A-6. This discrepancy was investigated further in section 

4.7. 

The shift in the green curve suggests that VENSIM may misrepresent cost trends 

in qualification years, leading to an artificially extended break-even period. To improve 

accuracy, the model should be refined to factor in production efficiency improvements, 

realistic per-unit cost reductions, and proper time-based scaling of cost savings. 

4.7  Additional Verification 

This study's simulation results reveal extended period trends in production expenses, 

which display exponential and linear growth patterns occurring under varying 

conditions. The model presents certain interpretative challenges alongside potential 

limitations that require verification to ensure its trends remain realistic and adheres to 

practical constraints.  The issue stems from the contrasting growth patterns between two 

production cost trends because one shows exponential growth and the other maintains a 

linear progression. Distinct growth patterns arise due to the specific assumptions and 

constraints operating in each scenario. 

The trial for investigating the linearity behavior for proposed production plots ran for 

50 years, which was inadequate to fully track long-term patterns and saturation 

effects. The tool shows long-term behavior when the trial period reaches 100 years 

because it reveals initial exponential growth which does not maintain its rate indefinitely, 

as seen in Figure 4-15. Test on 50- and 100-years duration. A thorough investigation 

into elements like resource availability alongside process efficiencies and economic 

scaling effects would provide valuable insights to improve the model's accuracy. 
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Figure 4-15. Test on 50- and 100-years duration.  

 

The trends presented lack of a clear saturation point, which remains a key 

concern. Real-world production costs and efficiency gains experience diminishing returns 

because of physical limitations and economic and logistical factors. While the current 

model provides insight into long-term cost evolution, it does not yet incorporate a 

limiting mechanism indicating when continued production no longer yields substantial 

benefits. Future work should focus on implementing constraints such as resource 

depletion, workforce limitations, technological plateauing, or market saturation to reflect 

realistic industrial growth patterns better.  

Sensitivity analysis was incorporated into validation efforts to check the equations 

and examine how main factors like material costs, technological developments, and 

market dynamics shape future production patterns. The implementation of constraint 

modeling will enable the capture of natural growth limitations, allowing for a better 

match with practical industry behaviors. Comparative validation against historical 

production cost trends in similar industries would also help assess the realism and 

accuracy of the prototype tool. 
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Upon reviewing the stock and flow model, it was identified that the inflation variable 

was accounted for in both the Waste Generation and Current Production Cost 

calculations. While the study is built for conservative cost estimates, the redundancy of 

adding inflation twice resulted in the overestimation of the projected cost. The 

AFRL/DTIC case was used for this additional investigation. The anticipated cost benefits 

may take longer to materialize than initially expected, and the delay is attributed to 

compounded inflation. For late implementation, the cost neutrality shifted to 11 years 

instead of 8-9 years, as seen in Figure 4-16, for the AFRL case. The corrected gradual 

and early implementation cases follow a similar trend as seen in the Appendix, Figure A-

1 and Figure A-2. For gradual implementation, the cost neutrality shifted from 5-6 years 

to 8-9 years. Meanwhile, for early implementation, the cost neutrality shifted from 1-2 

years to 3-4 years.   

The tool’s time bound was modified to run for 15 years instead of 10 years for late 

implementation.  The observed error made the estimate conservative and changed the 

magnitude of the curve lines for both current (red) and proposed (blue) production. As 

seen in Figure 4-16, the proposed (blue) curve is more linear in the corrected graph. 

Meanwhile, saturation can be observed after the cost neutrality line in the “inflation 

double-booked” graph, indicating a much lower production cost. While the double-

booked inflation is noted during this study and addressed, additional test cases for Rolls-

Royce and Boeing are recommended for future iterations of the cost management tool.  

The medium production volume of the AFRL/DTIC case, which produces 1,000 to 

1,400 brackets annually, made it the chosen subject for this verification process. The 

production scale is considered a middle ground between low- and high-volume 
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manufacturing, enabling cost trend analysis while avoiding distortions from extreme data 

points. In a low-volume production scenario like Rolls-Royce with 30 units per year, 

trends would show greater sensitivity to manufacturing inconsistencies between batches 

and specialized production expenses with elevated fixed costs per unit, which 

complicates the demonstration of actual long-term scaling effects. Using the AFRL/DTIC 

case, the model captures meaningful production cost trends without extremes in very low 

or very high production volumes.  

 

Figure 4-16. Inflation redundancy test – AFRL/DTIC Late Implementation. 
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4.8 Validation 

The validation process incorporated values and variables from the Hopkinson and 

Dickens study. Hopkinson and Dickens’ study only provides labor and raw material 

costs. The greyed-out variables in the Appendix, Figure A-3, were not included in the 

validation due to their absence from Hopkinson and Dickens’ study. As such, the double-

booked inflation was not included in the validation since the authors did not consider 

Waste Generation. 

 One of the key steps of validation was recreating the Hopkinson and Dickens 

study, which analyzed the relationship between production volume and cost in layer 

manufacturing processes, as seen in Figure 4-17.  

 

Figure 4-17. Literature graph vs. extracted data from VENSIM. 

 

The tool successfully replicated the production volume vs. cost curves from Hopkinson 

and Dickens' research, demonstrating consistency in cost behavior at varying production 

levels. 

 As shown in Figure 4-18 the validation process involved superimposing 

VENSIM cost curves with Hopkinson and Dickens’ original data. As production volume 
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increased, the exponential cost decrease was observed in traditional manufacturing 

methods (injection molding). The SD tool was used to compare AM production methods, 

including SLA, FDM, and EOSP, to validate cost trends across different manufacturing 

techniques. The validation showed that the SD tool showed projected cost savings at 

higher production volumes.  This praxis compares costs per unit across different 

production technologies, which is validated against Hopkinson and Dickens' research.  

The findings confirm that injection molding (IM) exhibits the steepest cost 

reduction at higher volumes, aligning with Hopkinson and Dickens’ model predictions. 

AM processes such as SLA and FDM maintain relatively flat cost trends, with lower 

initial investment costs. EOSP (Electro-Optical Sintering Process) demonstrates a balance 

between traditional IM cost trends and AM flexibility, making it a competitive alternative 

at moderate production scales. 
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Figure 4-18. Using VENSIM exported data (left) for the creation of a superimposed  

graph (right). 

 

The Current Production vs. Proposed Production graphs validate the cost 

modeling framework for this praxis, demonstrating how their equations and cost variables 

perform when implemented in a SD tool using VENSIM. These graphs compare 

traditional manufacturing (red line) against proposed AM production (blue line) over a 

10-year transition period, focusing on SLA (Stereolithography), FDM (Fused Deposition 

Modeling), and EOSP (Electron Beam Powder Bed Fusion) under a gradual 

implementation strategy as seen in Figure 4-19. The match between simulation outcomes 

and Hopkinson and Dickens' theoretical work demonstrates that the cost equations are 

correct while supporting the economic practicality of AM implementation. 
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Figure 4-19. Gradual implementation of SLA (left), FDM (middle), and EOSP 

(right). 

 

Traditional manufacturing costs experience exponential growth over time due to 

increased material waste alongside rising labor expenses and production inefficiencies 

from conventional methods. This pattern reflects the findings of Hopkinson and Dickens 

who determined that traditional manufacturing methods lose cost-effectiveness as 

production scales up. The proposed AM production costs show a steady linear growth 

pattern. Traditional and AM production costs diverge significantly after year 5, which 

supports Hopkinson and Dickens’ theory of achieving cost parity through a critical 

production volume.  

The three graphs show cost behaviors specific to each technology.  According to 

the left graph, SLA exhibits the highest initial expenditure because of greater material 

and equipment costs while maintaining a more predictable cost path compared to 

traditional production methods. According to Hopkinson and Dickens' variables, the 

findings in the middle graph show FDM with a moderate cost curve, which confirms its 

position as the lower-cost AM process. The EOSP shows moderate cost reductions 

because of its high precision abilities but demands a longer break-even period before 

realizing significant savings.  
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The findings demonstrate that increased production volumes lead to enhanced cost 

reductions, confirming the initial study's findings during AM adoption. The gradual 

implementation scenario matches Hopkinson and Dickens’ timeline for cost neutrality 

and shows that AM becomes economically beneficial after an initial investment 

period.  Although these results validate the tool's usefulness, future work needs to 

improve the qualification phase in the cost modeling to represent early adoption cost 

penalties better. Hopkinson and Dickens’ findings have been successfully replicated, 

demonstrating the VENSIM approach as a reliable method to forecast AM adoption costs 

to analyze industry transitions in aerospace and other high-performance manufacturing 

sectors.  

The Production Cost Savings graphs, derived from the Hopkinson paper and 

simulated using VENSIM, illustrate the cost savings trajectory of different AM 

technologies for SLA (Stereolithography), FDM (Fused Deposition Modeling), and 

EOSP (Electron Beam Powder Bed Fusion) over a decade. Each graph in Figure 4-20 

follows a similar trend, showing an initial decline in cost savings before eventually 

transitioning into positive territory. 
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Figure 4-20. Preliminary Cost Savings of SLA (left), FDM (middle), and EOSP 

(right). 

 

 During the initial three years of AM implementation the financial savings stayed 

near zero or dipped to negative levels because of the significant early investments needed 

for machine procurement alongside process qualification. The period between years 3 to 

6 experienced a continuous drop in cost savings because early-stage inefficiencies along 

with low production throughput and high material prices surpassed any expected 

advantages. By years 6 to 8 savings started to rebound because scale and production 

optimization alongside reduced material waste began to show their full impact. 

By years 8 to 10, all three AM technologies experience an exponential increase in 

cost savings, indicating that they have reached full operational efficiency, where process 

maturity, part consolidation, and optimized manufacturing workflows contribute to 

significant cost reductions. Among the technologies, SLA exhibits the highest long-term 

savings, while FDM and EOSP lag slightly, potentially due to differences in material 

costs, scalability, or production efficiency. Since these graphs are VENSIM-derived 

simulations based on the Hopkinson model, discrepancies between the original paper’s 

results and these projections may arise due to differences in cost accumulation 

methodologies, scaling assumptions, or model parameters. Refining the earlier phase cost 
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estimations and ensuring an accurate scale representation will help enhance these 

simulations' accuracy. 

Companies that implement AM technology early achieve faster cost savings and 

better ROI than those who delay adoption. A considerable initial investment is essential 

for businesses to implement AM technologies while simultaneously preparing supply 

chains and workforce training along with securing regulatory approvals to support a 

seamless transition process. The findings further reinforce that companies positioned to 

adopt AM at an accelerated pace gain the most substantial long-term economic benefits.  

Cost neutrality was reached significantly earlier compared to gradual 

implementation, with savings beginning between years 3-5 depending on the case study. 

AM’s efficiency in material utilization led to immediate reductions in production costs, 

particularly in AFRL and Rolls Royce cases. Businesses that produce more units like 

Boeing gain greater financial advantages from its large scale volume. Early adoption 

enabled businesses to break free from conventional supply chain constraints which led to 

reduced lead times and improved material procurement methods. Structural AM 

components at Boeing can enable aircraft weight reduction, translating to long-term fuel 

efficiency and operational cost savings. Early adoption is most effective when 

qualification timelines are minimized, allowing companies to transition smoothly into 

full-scale AM production.  

Although this model replicates expected cost patterns correctly, time constraints 

stopped us from examining potential savings pattern alterations in detail. Early-stage cost 

accumulation errors, small scaling equation misalignments, and varying cost reduction 

rates for different AM processes may reduce the model's accuracy. The long-term cost-
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saving patterns demonstrate that adopting AM technology grows more economically 

feasible with time while establishing itself as a competitive choice against traditional 

manufacturing methods.  

4.9 Summary 

This study presents a detailed assessment of the cost outcomes associated with 

AM adoption versus traditional manufacturing processes. The financial impact over ten 

years was assessed through three implementation scenarios looking at gradual, early, and 

late implementation for Rolls Royce, AFRL, and Boeing. The Gradual Implementation 

scenario demonstrated a slow yet steady cost reduction over time, aligning with 

conventional industry adoption patterns. Cost benefits were realized later in the timeline, 

typically around years 5–6, as process optimizations took effect. However, early 

qualification and certification costs delayed the financial advantages of AM. 

The early implementation scenario achieved the quickest cost savings since break-

even occurred between years 6 and 7. Accelerated adoption of AM methods delivers 

substantial financial gains through reduced dependence on conventional manufacturing 

techniques. The viability of this manufacturing method for large-scale aerospace 

production requires analysis of substantial initial investments and operational restrictions.  

The late Implementation scenario exhibited the least favorable financial 

trajectory. Due to extended qualification phases, production cost savings were delayed, 

with little to no financial benefit in the early years. The cost curves indicate that the 

longer the transition period, the more difficult it becomes to realize significant cost 

savings, highlighting the importance of timely AM adoption. 



106 

 

The results suggest that late implementation is the least effective strategy for cost 

savings and operational efficiency. While it provides organizations with additional time 

to manage transition risks, the long-term financial burden outweighs the short-term 

benefits of a prolonged qualification phase. Companies that delay AM adoption must be 

prepared for extended periods of high operational costs and delayed returns on 

investment. 

The pattern of cost savings remained uniform across all cases while timing 

changes became apparent. The delay in achieving cost savings indicates that transitional 

inefficiencies along with certification challenges and material expenses might be 

affecting the adoption rates of AM. Cost trends in Sections 4.2 through 4.6 stayed steady 

before showing pronounced decreases in later years. Boeing's results confirmed this 

pattern by demonstrating how AM leads to future cost savings, but certification 

requirements and expensive materials delay financial advantages. AFRL’s analysis 

exhibited similar trends, though its cost savings began earlier than Boeing’s. 

The findings indicate early adoption delivers greatest cost savings and return on 

investment for companies implementing AM technologies. The need for upfront 

investment is essential and companies must verify their supply chains and workforce 

training processes while obtaining necessary regulatory approvals to enable seamless 

adoption. Businesses prepared to rapidly integrate AM technologies achieve the greatest 

long-term economic rewards.  

The results demonstrate that organizations that implement AM technologies early on 

realize greater cost savings over time and those who delay face increased financial 

inefficiencies. This chapter's findings highlight the necessity for additional research 
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which focuses on refining AM implementation strategies and reducing qualification 

delays to gain more accurate cost modeling for better financial impact predictions in 

practical applications.  
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5  Chapter 5—Discussion and Conclusion 

5.1 Discussion 

The SD tool presented the Rolls-Royce, AFRL, and Boeing case studies. Rolls-

Royce's gradual adoption reached cost neutrality in year 6, while AFRL's transition 

showed cost-benefit realization after year 5. Boeing's adoption of large-scale 

manufacturing led to significant cost reductions. High production volumes enhance cost 

efficiency. Investigating case studies reveals that early adoption of AM leads to a faster 

return on investment.  

The supplemental charts demonstrate that Rolls Royce and AFRL/DTIC's 2-year 

early adoption strategy produces financial advantages between 1.5 to 2 years after 

qualification, while delayed 5-year approaches delay these savings to years 8–9. Boeing's 

production data demonstrates that higher production volumes enhance AM benefits 

through reduced material waste and improved process efficiency. The collective results 

indicate that initial qualification expenses and time investments may postpone savings. 

Still, a well-timed transition and increased production capacity lead to significant long-

term cost savings. Delayed AM adoption resulted in higher cumulative costs and lost 

competitive advantages, while early implementation yielded faster cost reductions. 

Additional verification was performed to study the current and proposed production's 

exponential and linear behavior, respectively. It was later identified that inflation was 

double-booked in Waste Generation and Current Production Variables. Unexpected shifts 

in the results for “Current Production vs. Proposed Production” and “Production Cost 

Savings” showed why cost modeling methods need enhancement and refinements.  In 
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addition, achieving an accurate cost model requires precise unit cost calculations along 

with considerations of supply chain constraints and material price fluctuations.  

 Production volume directly affects costs, which reduces per-unit expenses. Increased 

production volumes improve material utilization and manufacturing efficiencies while 

reducing scrap rates, collectively lowering costs as production continues. To recap, the 

three Research Questions and Hypotheses linked are listed below.  

RQ1: How can a systems dynamics tool be developed to manage a process 

transition production cost? 

RQ2: Are there any mitigation strategies for barriers to implementing a cost 

management systems dynamics tool in a production setting? 

RQ3: Can the tool demonstrate that transitioning MFS to AM achieves a cost 

savings of $1.8M annually?  

H1: A cost management systems dynamics tool explains the relationship between 

selected cost drivers in process transitions.  

H2: Demonstrating the pilot version of the SD tool’s operability can offset the 

initial implementation barriers. 

H3: At least $1.8M in cost savings is achievable when transitioning from MFS to 

AM.  

The SD tool captures limited key cost drivers, including material costs, production 

volumes, and qualification timelines, allowing for a useful management of process 

transition costs for RQ1 and H1. RQ 2 and H2 were answered through data analysis that 
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significant obstacles such as lengthy qualification phases and supply chain integration 

difficulties need resolution for tool deployment. Yet, the pilot version shows these 

barriers can be conquered and fixed despite double booking errors. The cost savings 

projection shows that transitioning from traditional manufacturing MFS to AM can 

achieve $1.8M in savings, primarily through the medium-volume AFRL/DTIC scenario 

and the high-volume Boeing scenario, which validates the tool's strategic decision-

support capability with RQ3 and H3.  

5.2 Conclusion 

According to the break-even analysis, early adoption leads to increased cost 

savings. Case 2 (Early Implementation) reaches its break-even point sooner than others 

within years 3 to 5 and provides superior cost savings throughout its duration. Case 1 

(Gradual Implementation) achieves a moderate break-even point, at around 5-6 years 

yielding eventual savings but taking longer to offset initial costs. The late implementation 

of Case 3 fails to achieve a break-even point due to extended financial inefficiency, 

accumulating more costs. The early adoption of AM technologies leads to better 

economic outcomes and greater savings. Companies that adopt new technologies at full 

speed experience better financial outcomes because these technologies decrease costs 

quickly and increase production efficiency.  

5.3 Contributions to Body of Knowledge  

The research for this praxis, recommendations, and future work builds on a critical 

gap in the cost models field, specifically for AM, as depicted in Figure 2-1 and Figure 

2-2. This praxis considers general AM manufacturing for composites, and selecting AM 
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methods is an opportunity for future work. The case studies highlight the need to evaluate 

traditional MFS techniques against AM methods in aerospace applications. 

 The study provides significant value by creating and implementing a thorough cost 

comparison framework with comprehensive analysis for the MFS to AM process. This 

praxis makes its contribution through the development and application of a framework 

for cost comparison, which includes analysis for the transition from MFS to AM. The 

models incorporate material costs together with operational expenses and subtractive 

process waste to accurately assess when AM achieves economic viability.  Through the 

development of the buy ratio and break-even point calculations, this study shows how 

material waste and production efficiency factors directly influence the costs of 

manufacturing parts, particularly in the case of high-value materials such as titanium. 

The analysis method evaluates different implementation timelines for AM by 

producing ROI data that reveals financial feasibility during the shift to composite 

manufacturing. Case studies 1 through 3 simulate varied adoption timelines for AM 

technology and provide essential insights about long-term financial results across 

multiple scenarios. This approach delivers a comprehensive analysis of the impact 

diverse operational decisions have on cost savings and waste reduction while improving 

production efficiency. 

In this study, incorporating real-time titanium pricing and current operational data 

provided a precise basis for dynamic and adaptable models to better support decision-

making in fast-evolving technological and market environments. For industries that 

experience substantial fluctuations in material prices like titanium successful business 

results depend on real-time data integration. Manufacturers could use similar models to 



112 

 

develop both theoretical and practical tools that enable process optimization and cost-

effectiveness evaluation when integrating AM technologies into their future production 

applications. 

AM is a rapidly evolving field whose cost models remain underexplored. This praxis 

adds to the knowledge to bridge the gap between materials engineering and processes 

technical research and cost management of processes, highlighting different cost drivers 

that comprise a technology transition and implementation in a production environment. 

The absence of literature AM cost model coverage prevents AM's full lifecycle economic 

effects from being realized and obstructs the development of strategic responses to its 

disruptive nature. 

5.4 Recommendations for Future Research 

The prototype model shows that earlier organizations adopting AM technology 

experience accelerated cost savings. The model requires further enhancements to achieve 

better accuracy and applicability within aerospace manufacturing contexts. The absence 

of complete AM cost models creates an opening for closing research gaps through real-

time data and integrating industry limitations with process advancements. The primary 

obstacle manufacturers face is unpredictable price fluctuation of raw materials, especially 

newly available advanced composite materials. This study used historical data, but future 

research needs to include automated cost tracking and dynamic pricing methods to 

enhance financial decision-making processes.  

Real-time operational data is needed to tailor this cost analysis to variable operational 

risks like production downtime and supply chain disruptions. Additionally, the viability 

of the AM transition depends on whether cost data is updated to reflect the latest AM 
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development. This is especially pertinent because equipment failures and material 

shortages severely affect cost efficiency. Future research is also needed to study supply 

chain resilience by examining methods like multi-supplier sourcing, predictive 

maintenance, and alternative material choices to reduce potential risks. The study did not 

investigate the root cause of the cost fluctuations, as described in Section 4.6. Research 

must continue to analyze process inefficiencies and examine how changes in material 

prices and operational inconsistencies develop when AM scales. Machine learning-driven 

models can also improve predictive accuracy and cost estimation, which can help predict 

future outcomes. 

One primary concern is the apparent discrepancy in growth behavior between the 

two production cost trends, which appear exponential while the other remains relatively 

linear. Another concern was the absence of a clear saturation point in the trends 

presented, as seen in Section 4.7.  While this study provides insights into production cost 

evolution over time for AM of titanium components, these additional refinements will 

enhance the robustness and applicability of the model. As such, these considerations are 

identified as critical directions for future work. 
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Figure A-1. Inflation redundancy test – AFRL/DTIC Gradual 

Implementation. 
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Figure A-2. Inflation redundancy test – AFRL/DTIC Early 

Implementation. 
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Figure A-3. SD tool infrastructure validation. Note that this figure is tilted sideways 

to allow readers to read it legibly.  
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Table A-1. InflationData from U.S. Bureau of Labor and Statistics as a GETXLS 

function (Statistics, 2025). Note that this table is tilted sideways to allow readers to 

read it legibly.  
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Table A-2. CostData for Labor Rates as a GETXLS function  (Statistics, 2023). 

Year Time Value 

 

Engineer Rate ($/hour) 

Technician 

Rate ($/hour) 

2013 1 78.28639103 52.19092735 

2014 2 80.63498276 53.75665517 

2015 3 83.05403224 55.36935483 

2016 4 85.54565321 57.03043547 

2017 5 88.11202281 58.74134854 

2018 6 90.75538349 60.50358899 

2019 7  93.478045 62.31869666 

2020 8 96.28238635 64.18825756 

2021 9 99.17085794 66.11390529 

2022   10 102.1459837 68.09732245 

2023    11                     105.2103632 70.14024212 
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Table A-3.  Gradual Transition - TimeSplitFunction Data as a GETXLS function. 

 

Year 

Time 

Value 

MFS 

Manufacturing  

Proposed MFS 

Manufacturing  

Additive 

Manufacturing 

2013 1 1 1 0 

2014 2 1 1 0 

2015 3 1 1 0 

2016 4 1 0.8 0.2 

2017 5 1 0.6 0.4 

2018 6 1 0.4 0.6 

2019 7 1 0.2 0.8 

2020 8 1 0 1 

2021 9 1 0 1 

2022 10 1 0 1 
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Table A-4. Early Transition - TimeSplitFunction Data as a GETXLS function. 

Year 

Time 

Value 

MFS 

Manufacturing  

Proposed MFS 

Manufacturing  

Additive 

Manufacturing 

2013 1 1 1 0 

2014 2 1 0 1 

2015 3 1 0 1 

2016 4 1 0 1 

2017 5 1 0 1 

2018 6 1 0 1 

2019 7 1 0 1 

2020 8 1 0 1 

2021 9 1 0 1 

2022 10 1 0 1 
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Table A-5. Late Transition - TimeSplitFunction Data as a GETXLS function. 

Year 

Time 

Value 

MFS 

Manufacturing  

Proposed MFS 

Manufacturing  

Additive 

Manufacturing 

2013 1 1 1 0 

2014 2 1 1 0 

2015 3 1 1 0 

2016 4 1 1 0 

2017 5 1 1 0 

2018 6 1 0 1 

2019 7 1 0 1 

2020 8 1 0 1 

2021 9 1 0 1 

2022 10 1 0 1 
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Table A-6. Data from VENSIM was used for manual correction and shift study. 

Current Production (VENSIM)  Desired Production (VENSIM) 

Time (Years) Cost ($)  Time (Years) Cost ($) 

0 0.00  0 0.00 

1 7251.84  1 4918.63 

2 14511.84  2 48778.21 

3 38159.87  3 95448.05 

4 80531.62  4 139770.12 

5 148661.43  5 188779.57 

6 256585.27  6 240136.80 

7 401970.18  7 279774.20 

8 615251.05  8 328786.37 

9 896422.44  9 375448.05 

10 1238463.63  10 419770.12 

     

     

Manual Correction  VENSIM Output 

Time (Years) Savings ($)  Time (Years) Savings ($) 

0 0.00  0 0.00 

1 2333.21  1 2585.41 

2 -34266.37  2 5333.33 

3 -57288.19  3 -30222.22 

4 -59238.50  4 -88888.89 

5 -40118.15  5 -152888.89 

6 16448.47  6 -195555.56 

7 122195.98  7 -184888.89 

8 286464.68  8 -56888.89 

9 520974.39  9 241777.78 

10 818693.51  10 728888.89 

 


