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Abstract 

Cost Model Evaluation for Large Scale Additive Manufacturing 

Author: Andrea Piazza 

Advisor: Beshoy Wahib Morkos, Ph. D. 

Additive manufacturing (AM) is becoming a valuable option in medium to large 

scale manufacturing operations, due to the increasing technological advances and 

popularization of different techniques. Product development assembly costs can be greatly 

reduced with additive manufacturing, producing directly consumer-usable parts without the 

need of always rising labor costs. Entry level companies can bridge the gap between Tier 1 

suppliers and Research & Development (R&D) businesses by utilizing the lower capital and 

reoccurring costs of modern additive manufacturing techniques, thereby avoiding the 

necessity for retooling and specialized machinery. The following study both explores the 

advantages and quantifies the cost factors, such as manufacturing, assembly costs, and 

material considerations, when assemblies and/or single components are replaced with an 

additively manufactured part, in mass produced applications. Manufacturing cost models are 

analyzed to show feasibility of changeover to an additive manufactured part utilizing three 

generic products (water pump, GoPro Mount, and stapler), and results have been 

subsequently compared to real world quotes and analyzed for accuracy. The results show a 

high correlation between manufacturing volume and part cost in two of the analyzed models 
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(RM2003 and AS), while the HD model showed that its numerous significant cost driving 

variables were production volume, part volume, and material cost. An analysis of the 

simulated data showed that major costs drivers (over 90% of total costs per part) for low 

production volumes were machine costs, while for high production volume, it was the 

material costs. Comparison with real-world cost data revealed an average error across the 

models of 38.6%, which returns the conclusion that more detailed and advanced models 

needs to be created to better simulate AM costs, allowing for higher utilization of AM 

processes in large scale manufacturing.  
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Chapter 1 

Introduction 

Cost is a fundamental consideration when creating an object/artifact. Companies 

have to take into consideration the cost implications that go into creating an object before 

investing capital and workforce into the project. Major factors such as design, 

manufacturing, and assembly costs should be taken into account, and as such pose a 

multivariate problem. Manufacturing costs are an important determining factor in the 

profitability of a product [1], and therefore understanding the breakdown of each incurred 

manufacturing cost allows the producer to better understand and select the appropriate 

processes to make a viable product. Many aspects of the product cycle are modeled and 

estimated during the initial stages of realization, during which the company is willing to 

create new objects, identify needed requirements, and establish goals and parameters for 

completion. It has been estimated that up to 70% of production costs are chosen during the 

conceptual design phase, and only 6% during the design phase itself [2]. Companies involved 

in the creation of objects need to understand what the major drivers of costs are, and as such 

be able to manipulate their design and processes in order to optimize such object 

manufacturing. Manufacturing and assembly cost estimation tools allow such endeavors. 

These tools allow for manufacturers to better understand and tailor their design around a cost 

vs requirements goal, aiming for maximization of profits. The accuracy and dependability 
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of said tools are fundamental to the industry, and as such they need to evolve around the 

manufacturing technology they are estimating. New manufacturing processes are developed 

every year, and patents for these methods are held by a multitude of large and small 

corporations around the world [3]. As these technologies become more prevalent, accurate 

estimation tools are needed due to large manufacturers requiring accurate prediction when 

deciding which technology to rely upon for manufacturing their products. It is fundamental 

for a new manufacturing method to construct proper estimation tools, because without such 

cost estimation tools, the technology cannot be cost compared. Large manufacturers will not 

accept such a broad range approximation of costs for decision making. [4] 

Cost estimation tools for assembly and manufacturing are prevalent in industrial and 

commercial applications, from Bootroyd DFMA (Design for Manufacturing and Assembly) 

tables [5] to proprietary time and material estimation tools utilized throughout the 

manufacturing engineering industry in order to properly understand how design changes can 

affect end product cost. While there are many models available [6–9], their accuracy, 

scalability, and futureproofing are essential for their accountability and confidence. 

Innovation and development has now brought to the forefront additive manufacturing (AM) 

techniques as such, but finding models that can provide detail and confidence, while 

preserving speed and ease of use can be challenging. The AM techniques used for 

prototyping, mold making, and direct to end-user products have now reached great 

capabilities for scalability, and as such need extensive research and exploration to affirm 

accurate prediction methods. [5] 
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It is fundamental to understand the importance of additive manufacturing in our 

society, not only in an industrial or commercial setting, but in homes and in academia. The 

introduction of AM from an early stage in the engineering learning process expands the 

possibilities for and enhances the creativity of the designer, allowing for a much broader and 

“unrestricted” result. The 3D printing revolution brought AM to the masses. Consumer 3D 

printing hardware sales are at an all-time high [3], as shown in Figure 1, with entry cost 

lowering constantly and machine build volume, precision and accuracy increasing 

exponentially every year [3]. The capabilities of AM and the entry level knowledge required 

to operate and manufacture parts are what makes the technology so appealing for the 

consumer and the industrial world. 

 

Figure 1 - Low Cost Printers Sales [4] 

AM has been studied and researched from the early 1960’s, but commercial stereo-

lithography, brought to the market by 3D Systems founder Chuck Hull in 1986, and 
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commercialized in 1987 with the SLA 250, was the large breakthrough the technology 

needed to mark it as a starting point for the replacement of traditional manufacturing [4]. 

While the commercial and scientific world of AM has a long history, consumer products 

with low entry level prices have only been available starting from the first part of the 21st 

century. In 2005, the Reprap project from the Bath University started the consumer 3D 

revolution, bringing a low cost self-replicating printer that could be built for approximately 

350 dollars in material costs [10]. This launched the consumer AM industry into high gear, 

and following the success of Reprap, many large companies started to sell their own version 

of the tabletop printer. MakerBot Industries’ Reprap based Cupcake CNC is one of the 

crucial machines for this example[4]. Launched in 2009 for 799 U.S. Dollars, the machine 

was delivered assembled, ready to use, bundled with software, and capable of manufacturing 

parts from poly lactic acid (PLA) material. This machine is capable of producing high quality 

consumer usable parts from CAD software files without the need of any CAM experience. 

Low entry cost, ease of utilization, and a limited footprint are the key characteristics of 

popular 3D printers available in the market. [4] 

In commercial application, AM’s main use has been in prototyping, starting from 

the late 1990’s in RM applications, used to the creation of concepts and direct from CAD 

manufacturing. [11] It is a widely used manufacturing technique that considerably shortens 

concept time while also allowing manufacturers and designers to avoid expensive, one time 

use tooling and molds. In the past, AM advances brought the industry functional prototypes, 

which cut down researchers’ testing budgets and time. An example through Ford Engine 

Manifold research, was a single concept that would require $500,000 to manufacture 
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traditionally, while it can be manufactured using AM for $3,000 and a shortened lead time 

[12]. The innovation brought by AM has been widely recognized by the popularity of 3D 

printers and more economical commercial units. This has caused a shift in the AM market, 

from prototyping and concept, to a tool widely used by the industry for the creation of tooling 

and advanced end-useable products. This resulted in several studies conducted on AM 

techniques in the direct fabrication of objects and assembled objects [13–15], and its 

comparison to traditional manufacturing, by extensively comparing their performance to 

weight ratio, but rarely undertaking the task of analyzing cost factors in the production of 

parts using both technologies. The increasing popularity and expanding market of AM, as 

shown in Figure 2 showcases the great potential such technology could have. It is important 

to understand that better recognizing cost modeling towards this technology and optimizing 

current models towards confident, repeatable, and accurate results are fundamental.  

 

Figure 2 - AM Market Sales and Projection [Gartner Forecast: 3D Printers, Worldwide, 2013] 
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Motivation 

AM faces large challenges in high volume production environments due to its longer 

production speed, which is mostly due to the per part cycle speed. While manufacturing 

speed varies greatly depending on the machine used, and modern AM machines have been 

increasingly faster, their speed per part is considerably slower in high production volumes 

[16]. This has resulted in slow adoption rates by the major players in the mechanical and 

aerospace industries [17]. Its utilization is currently focused primarily on low to medium 

volume production, where layer by layer techniques are used in the production of plastic 

parts[8]. The manufacturing industry has a high cost of entry due to tooling and costs 

associated with high volumes[18]. Requirements for such manufacturing tasks require 

enormous capital investment in machines and resources, and large recurring expenditures for 

tooling. Stock holding requirements, for both raw material and pre-assembled components, 

can require enormous financial resources and large physical storage capacities.  This can 

become an impossible burden for new companies trying to establish themselves in the 

industry. The industry path towards the utilization of AM is focusing on its advantages for 

lowering entry costs. AM costs are, unfortunately, not well defined, but do showcase a 

minimal capital Investment in tooling [19] by utilizing a distinct machine with a single but 

unique “tool”, capable of producing objects with nearly infinitely different geometries. 

Conquering complexity is AM’s main objective, which allows for exponentially increasing 

performance while reducing weight [20]. It is important to understand that AM brings 

performance and efficiency to an industry plagued with ancient manufacturing techniques, 

inefficient methods, and legacy designs. The industry has a high resistance to change due to 
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its restrictive competitiveness and major players in the industrial, commercial, and consumer 

manufacturing businesses. The addition of AM allows for a significant reduction in initial 

investment, allowing for small companies to enter the industry, and for innovative industry 

drivers to advance the engineering and manufacturing sectors forward [21].  

The gap in knowledge present between the different cost models and the 

preconceived notion that models are updated regularly using current information provided 

by industry services, instead of using inflexible concept derived data from traditional 

manufacturing, is the missing milestone in introducing large scale manufacturing to AM 

technologies on a global scale. While the scalability of additive manufacturing is difficult to 

quantify due to the ever-updating technology, it is a viable option that this thesis has 

explored. 

In exploring the product lifecycle management (PLM), five distinct phases are 

mentioned: the Imagination Phase, Definition Phase, Realization Phase, Use/Support Phase 

and Retirement/Disposal phase. While the whole product throughout its life is affected by 

the realization cost, correct modeling has to be ingrained in both the conceptualization, 

definition, and imagination phase, allowing for revolutionary designs that are not restricted 

by outdated manufacturing technologies, while at the same time, are kept cost competitive. 

[22] There are key phases in both the product realization phases and its related PLM Phases 

are important in regard to manufacturing costs. PLM and PRP (product realization process), 

with the utilization of AM, are fully affected, and cost modeling can successfully predict 

positive outcomes.  
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PLM shows the importance of understanding the product cycle as a whole, by 

investing vast resources into the knowledge of how product utilization and manufacturing 

shape the initial conceptualization and design. This means that initial investment and 

resilience to switch manufacturing practices, and relying on outdated models, can be 

reoccurring issues in industry, and that it is necessary to focus on the new great advantages 

AM brings to the table. AM prioritizes design flexibility and manufacturing setup speed, 

while allowing for fast precision prototyping and functional concepts. For consumer goods 

and industrial manufacturing companies to utilize AM, a shift towards the creation of end-

usage parts using direct manufacturing with AM techniques, at a rate as fast as, or faster 

than, current technologies, is required. However, volume scaling and large production 

capabilities are an inherent problem of the technology. This has resulted in slow adoption 

rates and the industry curbing the testing of volume manufacturing using these techniques. 

The limitations portrayed by past publications on AM are outdated due to the fast evolution 

of the technology [6,7,21].  This research presents an opportunity to establish AM’s 

feasibility as it pertains to large volume scalability of AM manufacturing techniques, 

selection for cost optimization, understanding the cost implication in object making, and the 

consequences of manufacturing selection in the design and assembly of a part [21]. The 

primary motivation of this study is to attempt to investigate the accuracy of cost modeling 

in various production volumes, and the viability of using AM, for making production level 

components that are ready for direct sale to consumers or immediate use in the assembly 

process. A deeper understanding of the cost factors in total cost per product is investigated.  
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Intellectual Merit 

The research produced in this study demonstrates how regression and sensitivity 

analysis coupled with real world data from additive manufacturing service providers can 

improve the accuracy, repeatability, and dependability of cost models used for large 

production volume additive manufacturing. While the gap between the designer and 

manufacturing has been explored before, these cost model analysis techniques and results 

allow for a greater insight in the factors affecting the cost per part, and how these costs can 

be minimized through design, smart machine utilization, and correct selection of the most 

effective manufacturing technique [23]. The models evaluated can be utilized in the 

commercial industry, where various manufacturing processes, using both subtractive and 

additive manufacturing, are compared for a product. The industry player at this point can 

make a sensible decision early in the conceptualization or design stage on the final 

manufacturing methodology, and as such utilize Design For Manufacturing (DFM) and 

Design For Assembly (DFA) tools appropriate to such technology, to optimize the design, 

saving costs in assembly and manufacturing and as such in total product realization costs. 

The methodology in which the research ascertains the important scalars will help focus AM 

manufacturers on improving factors that make the technology less competitive in the high-

volume production environment. The model evaluation can also be utilized in a research 

prospective, such as manufacturing technique profitability and assessment of the demand for 

new additive technologies. Most importantly the understanding of the regression modeling 

and sensitivity analysis can be correctly used in the accurate optimization of cost modeling 

for product realization. The significant variables found during this study can offer an insight 
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in researching cost savings technologies that can be incorporated in the hardware and 

software of the machines. This could have a great impact on certain types of AM 

technologies, that have specific high utilization of certain aspects of the process over other 

AM types, and as such result in costing more due to the nature of the process and not the 

production volume or the single component volume and complexity.  

Broader Impact 

The implementation and development of AM technologies is at the core of this 

research. The analysis of the process that involves the utilization of AM techniques is 

dissected and analyzed to understand the key variables that make up the highest fraction of 

total cost per part produced. The focus of this research is narrow, concentrating exclusively 

on the cost function of manufacturing and object making, however, the main drivers of 

technology and engineering are the extraordinary financial factors that drive the surrounding 

economy and influence the industry. Understanding these drivers can expand and allow for 

great growth of smaller players in the industry, allowing for a major narrowing of the 

manufacturing gap many individuals and businesses face during the realization phase after a 

breakthrough ideation, conceptualization phase, and a mature definition phase. 

Large scale AM brings low initial investment competition to the worldwide scale 

market of mass produced parts. It is essential to work towards a situation where, due to a 

clear understanding of costs, a small company can compete with an established player. The 

goal is allowing an individual or an organization to be competitive because their idea is the 

highest valued, and not because of the strong capitalization that is behind them. Effective 

cost understanding can include areas where raw materials are abundant and cheap, but where 
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there might be a major lack of manufacturing infrastructure, and as such AM would reduce 

outsourcing and allow competitiveness and fast production capabilities from rural areas. A 

large gap of manufacturing knowledge can be resolved utilizing AM techniques. Casting, 

injection molding, and other traditional techniques require a large amount of background 

knowledge in manufacturing, thermodynamics, and material science, in addition to specific 

comprehension in simulation and industrial processes. 

Underdeveloped nations can take huge leap forwards towards their own industrial 

revolution through the 3D printing era by embracing accurate cost prediction, low initial 

investments, flexible production, wide tool-less manufacturing capabilities, and extended 

“light’s out” (fully autonomous without human intervention) manufacturing. This can be 

done without the trade-off of large investments and risky overextension into technologies 

and manufacturing plants tailored to products with limited and often short lifecycles, 

rendering facilities, and thus large workforce learned skill, obsolete.  
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Chapter 2 

Traditional Manufacturing 

To better understand cost factors both traditional, or subtractive manufacturing, and 

AM will be reviewed, showcasing different cost models for each, and brief methodology 

review in the design and assembly of the product and product realization phases for each 

method will be conducted. 

Traditional manufacturing, or as often called, conventional manufacturing 

techniques, are here defined as any type of manufacturing processes that do not include 

additive manufacturing. Traditional manufacturing is a subtractive technology, with the 

exception of the casting and welding processes. Subtractive technology means that parts of 

the raw material used are removed or shaped from an original “block”, using processes such 

as milling, cutting, punching, forming, etc. Other processes such as casting and molding only 

require the use the raw material needed for the final part (excluding post processing).  

Design 

Traditional manufacturing requires specific design constraints and requirements that 

are dictated by the possible ways physical materials can be transformed and processed by 

the various techniques used [5]. The outcome of these limitations results in many different 

designs that share the same geometric limitations, restricting the performance (such as 

weight and or function) of the object created.  
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Minimum geometric requirements, such as minimum radii dictated by cutting tool 

size, or eliminating undercuts, are examples of constraints found in traditionally 

manufactured parts. Symmetric axis parts, dictated by limited machine axis DOF, showcases 

the limitation that milling or CNC machining brings to the designer by restraining the design 

to a limited maximum optimization. Punching or pressed parts have to adhere with the strict 

material properties used, where maximum bending angle and negative draft angles are 

prohibited. Injection molding requires careful planning in the design stages for material 

passages and designs that allow for continuous connected sections. Complex structures can 

be created to bypass some of these limitations, but these result in an increase in cost, 

manufacturing complexity, and speed, while requiring advanced engineering and operator 

knowledge.  

Due to the requirement of advanced manufacturing engineers, the product 

conceptualization teams and the designers need to work in conjunction with manufacturing. 

This is an important aspect that companies emphasize, but struggle with, due to the highly 

fragmented work environment present in large multinational corporations. This results in 

traditional manufacturing constraints often ignored or disregarded during conceptualization, 

such as the utilization of prefabricated material and components. In traditional CAD design, 

the importance of coordinate systems and symmetrical axes, are key to reduce costs.  

Integrating tolerancing of the manufacturing process in the cost evaluation of the product as 

whole, while taking considerations for end-use by the consumer, is a very important factor 

for accurate cost modeling.   
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Techniques 

Traditional manufacturing involves processes such as casting, imagining, molding, 

forming, machining, and joining. As some subtractive manufacturing processes involve the 

waste of raw material, the most common processes in traditional manufacturing are casting 

and molding, however, these involve the usage of expensive equipment and tooling.  

The largest expenditure in traditional manufacturing is tooling [19]. This includes 

mold design, which can have significant cost and has be amortized through the life of the 

part. This results in an industry that is driven by high production volumes and a push towards 

the standardization of most of the parts. Part standardization allows for high production 

numbers, high modularity, and as such high function flexibility with reduced cost. [19] 

Assembly 

Traditional manufacturing process limitations result in large numbers of parts for 

complex products. As Boothroyd stated in his analysis for assembly, the number of parts and 

the difficulty in putting them together can greatly increase the assembly costs [5]. The design 

of the product can greatly affect the assembly costs. A great example can be seen with the 

integration of locating pins into the component’s design. To speed up assembly, integrated 

locating pins can aid the assembly process, where the operator does not have to manually 

hold the component in place while he uses fasteners to secure it together. Integration is an 

important aspect in manufacturing and assembly, an example can be seen in Figure 3. 
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Figure 3 - DFM Example Snap in Box 

While component integration results in more complex designs, it can greatly 

decrease assembly time by eliminating steps in the assembly processes, and thereby reducing 

total cost and time per part manufactured. Traditional manufacturing allows for component 

integration through careful planning and deep understanding of the manufacturing, 

assembly, and the part design process. This synchronous management of knowledge has to 

be perfectly aligned for a successful and cost reducing redesign to occur.  

Cost Models 

Cost models for traditional manufacturing techniques are used throughout the 

industry. Academic models such as Dr. Kazmer’s injection Molding cost estimators [24] 

provide great insight on the important factors that determine cost in traditional 

manufacturing. More specific product based studies have been conducted, where machine 

and tooling expenditures are the core of the total cost per part [25,26]. Milling machining 
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can be estimated with cost models, largely used by machine shops and industrial 

environments that use precision CNC machining and tooling. These models calculate the 

actual machining time required, as well as various material waste and utilization percentages, 

while taking into account labor and administrative fixed cost to maintain and run the 

machines [27]. In large scale traditional manufacturing, where injection molding is 

commonly used, the major factor in total cost per part is the tooling and the machine cost. 

Studies show that more than 99% of the cost of the part goes into machine and tooling costs, 

while less than 0.2% of the total cost per part goes into the material needed to make the part 

[8].  

Important cost models worth mentioning are Richard Turton cost model utilized in 

the estimation of cost for chemical processes [28].  The model goes into great details in 

analyzing both manufacturing costs and capital costs. According to R. Turton, capital costs 

can be estimated using correlation from previous data while adding adjustment figures for 

changes in cost that occur depending on time and location. For Chemical processes, it was 

noted that operating pressures of the process shows a great correlation with higher cost prices 

in both the model and in actual data. It is worth mentioning that the authors emphasize on 

the aspect of purchased equipment versus installed equipment, and that the latter is often 

times vastly more expensive. Another important cost model to use as reference is the Aspen 

(Advanced System for Process Engineering) Cost Models[29]. Divided into two different 

modeling programs, process simulator and economic evaluation estimate chemical 

engineering plants costs using quantitative model to properly simulate a chemical plant.  
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Chapter 3 

Additive Manufacturing 

Generally, the term “3D printed” describes a component created using any number 

of additive manufacturing processes. Additive manufacturing (AM) refers to a vast set of 

manufacturing processes that create parts by building thousands of stacked layers, or slices, 

of material on top of one another. In contrast, traditional manufacturing processes either 

remove or reform a piece of material [30]. The cost of AM manufacturing equipment is 

decreasing and material properties and build quality continue to improve.[3] AM also allows 

parts manufacturing directly from most computer aided design (CAD) software. Tool-path 

programing such as that required for CNC machines is replaced nearly entirely by slicer 

software and little user input is required [31]. Figure 4 shows that the enormous market that 

3D printing base materials, and as such the utilization of the technology. has skyrocketed in 

the past 8 years [3].  This shows the great perspective for machine pricing to become more 

competitive and for innovation and greater utilization of the technology.  
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Figure 4 - Wohler Report 2017 AM Material Sales (in millions of dollars $) 

Techniques 

This study attempts to investigate the viability of using AM to make production level 

components that are ready to be sent directly to market or to immediately move to the next 

step of the assembly process. The models analyzed have been created to simulate FDM (Fuse 

Deposition Modeling), SLS (Selective Laser Sintering) and SLM (Selective Laser Melting) 

technologies, and as such, as a means of focusing the scope of this study, only the previous 

three AM methods will be explored in detail. These techniques are the most commonly used 

ones in the market and are reflected in the sales [3]. Consumer machines are predominately 

FDM due to their reduced cost of entry and ease of use, while commercial machines are 

predominantly SLS and SLM due to their higher accuracy and more flexible material 

possibilities.  



19 

 

Fused Deposition Modeling (FDM) 

 The FDM process starts by melting the deposition material and extruding it out of 

a fixed diameter nozzle onto a print surface below, which in most cases is the previous layer 

of the print. The gap between the extruder nozzle and the print surface is tightly controlled 

along with a host of other parameters to ensure that the extruded material is forced into the 

previous layer.  This causes the previous layer to partially re-melt allowing the layers to fuse 

together. Acceptable aesthetic quality and geometric accuracy is achievable with proper set-

up and calibration. The raw materials are relatively inexpensive, easily accessible, and 

various material options allow for different colors and opacities [32]. Fiber reinforced 

materials may also be used for additional strength. FDM can produce parts with large bulk 

dimensions because the material is deposited directly from the extruder head and the build 

area can be in open, atmospheric conditions. Components have a relatively high porosity and 

water absorptivity, which increase with layer size and fill direction orientation. 

Selective Laser Sintering (SLS) 

SLS and SLM printing work differently than FDM in that a thin layer of fine 

powdered material is spread evenly across a build platform and then a CNC laser is fired at 

it in the shape of the layer’s two-dimensional cross section. The laser is sufficiently powerful 

so that it melts the powdered material and fuses it with the layer below it. The part is then 

lowered by a fraction of an inch and the process repeats with the next slice of the part.  When 

the part is completed, the un-cured plastic powder is shaken off and subsequently reused in 

the machine. The strength of SLS parts is dependent on the raw material used and the 

appropriate configuration of the machine. There are several SLS materials available in a 
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wide range of range of strengths and specialties including some exotic materials such as 

elastomers and fiber reinforced materials for high strength and temperature resistance. 

Selective sintering can deliver an average layer thicknesses of 0.10 mm [33]. This allows for 

surface finishes in the neighborhood of Ra= 6.2µm prior to any post processing [34]. The 

SLS Printing process is also fast, with production level printers able to produce 3000cm3/hr 

of part geometries [33].  

Selective Laser Melting (SLM) 

SLM operates on the same basic principle as SLS but the build medium being used 

is metal instead of plastic. Since the metal powder is melted and fused completely with the 

previous layer, the parts produced using SLM have a low porosity. This means that they 

retain material properties closer to those that they would have had if they were manufactured 

by traditional means [35]. Furthermore, SLM components can be heat treated, just as any 

other metal component would be, to obtain the most desirable properties for the desired end 

application [36]. SLM does have its downsides though; to prevent corrosion of components, 

SLM must be done in a sealed environment purged of oxygen. The metallic powder also 

poses serious explosion hazards if exposed to high temperatures in the presence of oxygen. 

Design for Additive Manufacturing (DFaM) 

DFaM, similarly to DFM and DFA, provides insight and guidelines to the designer 

towards making the correct design decisions to optimize manufacturability and to minimize 

assembly. Design of AM components requires certain special considerations for optimal part 

performance and aesthetics. Additively manufactured parts allow for much greater design 
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freedom because nearly any geometry is manufactured regardless of the complexity [31], 

with the ability to use undercuts, variable wall thickness, deep channels, blind holes, exterior 

connecting shapes, and converging diverging structures. [21] 

When designing parts manufactured by FDM, one of the most commonly 

encountered problems is part warpage due to thermal expansion. This can be mitigated by 

designing the component to make use of a fiber-reinforced material [30]. Similarly, the 

direction in which a component’s critical features are oriented and supported is vitally 

important to their dimensional accuracy. Overhanging parts or interior diameters print the 

best and have the greatest dimensional accuracy when printed vertically (i.e. normal to the 

print surface) [37]. This applies to all of the processes listed above. It should be noted that 

in the cases of FDM, SLS, and SLM (prior to heat treating), material properties may not be 

isotropic. Special care should be taken to orient the strongest dimension of the material in 

the direction of the load [38,39]. Although the AM process does not limit manufacturability, 

considerations should be made to secure the components securely to the print bed to protect 

the part from being displaced by moving machine components.  This is usually accomplished 

by appropriate configuration of the given machine’s operating parameters and software set-

up for the material being used. In certain situations, when parts may have components that 

fall below the minimum feature size, print maps provide useful insight on possible failure 

modes. When planning FDM builds, one must utilize support structures wherever there are 

holes or long unsupported overhangs so as to decrease the chance of failure and improve the 

end surface finish [37].  
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Assembly 

Rules and time estimation for assembly do not vary with manufacturing technique, 

but vary with design, and since design is driven by manufacturing, the product can be 

realized following rules that will optimize its ease and time of assembly using the capabilities 

of the manufacturing process. Assembly costs are reduced with AM through integration, 

combining multiple parts together, reducing the total amount of parts in an assembly, and as 

such total reducing assembly time and ultimately cost. AM parts, therefore, can be much 

more complex than their traditionally manufactured counterparts. Sub-assemblies can be 

optimized to the absolute minimum number of components, and due to the vast array of AM 

materials, many fasteners or locating dowels could be replaced with snap fasteners or 

integrated into more complex parts, respectively. This would reduce the overall number of 

parts manufactured by AM and make more effective use of machine running time [40]. 
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Chapter 4 

Cost Factors in Manufacturing 

The design process and the conceptualization stage are the most important part in 

characterizing the manufacturing processes[1]. Product development, product design, and 

engineering design can be grouped together to form the design process. This process involves 

everything from the creation of the object and its concept, to detailed design review and its 

production design, where the selection of the manufacturing processes and tooling occurs.  

Other factors that play a major role in the realization of an object, especially when 

considering the company’s investment in the production of the object, are manufacturing 

cost and related assembly costs [5,41]. The financial factors affecting capital investment for 

the realization of a product can be divided into these three main subcategories: design, 

manufacturing and assembly. These three stages affect each other greatly, especially when 

the manufacturing techniques used in the production of the part are taken into consideration 

in the design stages.  

Design Optimization for Manufacturing 

A well thought out design can improve manufacturing costs and assembly time by 

optimizing for performance while remaining within limitations set by the manufacturing 

techniques used [41]. Utilizing each manufacturing technique to the fullest is the essential 

part of DFM. A component that has been designed for injection molding should not be easily 

replicable using another manufacturing process unless the component was not fully 
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optimized. The design process involves the creation, analysis, and engineering of the product 

design. The design of a product can largely affect its production costs, as geometry and 

tolerances can affect machining time, rejection rates, inspection equipment cost, and 

different raw material costs and processes. The design is a compromise between performance 

and manufacturability, where weight, load conditions, geometry, and chemical affinity are 

determined with the product realization in mind. Design also dictates the number of parts, 

and as such affects build parameters and assembly times [5,40]. 

Assembly Costs 

Manufactured components require assembly to create the desired object and/or part, 

the final end user product. Designs that are more intricate often require multiple components 

that often cannot be integrated; as such, the components of each part are assembled together 

to form the final assembly. This part of the product realization is largely dependent on the 

number of parts chosen during the design stages and can be estimated using Boothroyd DFA 

tables. DFA tables estimate assembly cost by the number (#) of parts and the feasibility of 

assembly, including alignment and tasks that need to be performed to complete such actions 

[41][5]. 

Current Cost Models 

The most widely used cost models in academic research and in cost estimation for 

AM publications are Ruffo (2006) and Hopkinson and Dickens (2003) [6,7]. A third model 

created by Atezeni and Salmi (2012) has also been analyzed to create better insight into the 

re-design for AM and its subsequent effect on end user cost [8].  
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RM2003 - Ruffo AM Cost Model 

One of the most widely used models for AM cost prediction has been created by 

Ruffo, Tuck, and Hague in 2006 [6]. This model uses activity-based cost estimation, meaning 

costs occur as they would in real time and are not averaged. The AM method of production 

explored in this model is solely for selective laser sintering. Additionally, the two main 

variables in this model are material used and build time, which means the model takes total 

cost and time and divides it by the number of parts produced, in simple terms. The rest of 

the costs are calculated using average administrative and building costs.   

Ruffo’s model dictates the cost of an individual part in a build based on the build 

cost, part volume, and build volume. This allows the build cost to be stated as a sum of the 

individual parts and time. The cost is determined as a fraction of the build area, which means 

that this model also allows for the optimization of the build volume and the production of 

more than one singular part. By producing a mix of components in the build volume 

simultaneously, parts can be mixed so as to maximize the ratio of the build volume utilized 

to total build volume. Price per part cost will decrease because a build area that is fully filled 

will mean that the volumetric fraction of the part will be lower. 

The model assumes that the machine is run 100 hours per week for 50 weeks out of 

the year, giving a 57% machine utilization time. The utilized machine time is broken down 

into three additional times that are calculated based on the machine being used and the build 

being printed, as follows. The first part is the time with laser on and actively sintering, the 

second step is the time to recoat the build area with additional powder, and lastly, the third 

step is the time to allow the build area to stabilize to printing temperature. 
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The original relation shown in Equation 1 through Equation 4 has been all combined together 

, to better understand relationships between cost per part and each variable.  

𝐶𝑜𝑠𝑡𝐵 = 𝐶𝑜𝑠𝑡(𝑡𝐵) + 𝐶𝑜𝑠𝑡(𝑚𝐵) 𝐶𝑜𝑠𝑡𝑝 =
𝐶𝑜𝑠𝑡𝐵

𝑛
 

Equation 1 - Cost of Build[6] Equation 2 - Cost per Part [9] 

 

Main Activities Cost/h [EURO] 

Production Labor/Machine hour 7.99 

Machine Costs 14.78 

Production Overhead 5.90 

Administrative Overhead 0.41 

Table 1 - Main Indirect Costs [6] 

𝐶𝑜𝑠𝑡𝐵 = ∑
𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 𝑐𝑜𝑠𝑡𝑠

𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑠
(𝑡𝑋𝑌 + 𝑡𝑍 + 𝑇𝐻𝐶) +

𝑑𝑖𝑟𝑒𝑐𝑡 𝑐𝑜𝑠𝑡𝑠

𝑚𝑎𝑠𝑠
𝑚𝐵  

Equation 3 -  Cost by number of parts [6] 

𝐶𝑜𝑠𝑡𝐵 = 𝑃𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 ∗ 𝑇𝑏 + 𝑃𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 ∗ 𝑀𝑏 

Equation 4 - Cost Estimation  

Variable Description 

Costb Build cost 

𝑃𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 Material cost in dollars per unit mass 

M Mass of build 

𝑃𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 Cost rate of build time in dollars per unit time 

𝑡𝐵 = Total build time 

Table 2 - Ruffo Variables Description for Cost Estimation 

The complete equation and variables allow the formation of a cost estimation 

equation, shown below in Equation 8. This equation can be simplified further to realize the 

cost per individual part in the build. 
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Variable Description 

𝑚𝐵  
Expected production mass proportional to part volumes and build 

time. 

𝑡𝑋𝑌  Laser on and actively sintering time 

𝑡𝑍  Recoating time 

𝑡𝐻𝐶  Temperature stabilization time. 

𝑑𝑖𝑟𝑒𝑐𝑡 𝑐𝑜𝑠𝑡𝑠  Material cost and waste material. 

𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 𝑐𝑜𝑠𝑡𝑠  
Costs associated with labor/hour, machine costs/hour, as well as 

production and administrative overhead/hour 

Table 3 - Ruffo et al Variable Description for Number Parts 

The equation is calculated based on the number of parts from 1 to ‘i’, which is a 

symbolic counter for the intended total number of parts. Production cost, in cost per unit 

produced, presents differently when viewed graphically and is no longer a set linear value.  

The part analyzed in the research is shown below in Figure 5. This is the same part 

that has also been analyzed by the researchers that created the cost model demonstrated in 

the next section, Hopkinson and Dickens. This allowed the two models to be directly 

compared.  

 

Figure 5 - Ruffo et al. Level Part Cost Model [6] 

𝑚𝐵 = 𝑝 ∗ ((𝑉𝑝 ∗ 𝑛𝑝) + (𝑉𝑏𝑒𝑑𝑠 − 𝑉𝑏) ∗ 𝛼) 
𝑃𝑅 =

𝑉𝑏

𝑉𝑏𝑒𝑑𝑠

=
𝑉𝑝 ∗ 𝑛𝑝

𝑉𝑏𝑒𝑑𝑠
 

Equation 5 - Material Sintered per Build Equation 6 – Packaging Ratio 
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Variable Explanation Unit 

Mb Material mass g 

p Material density g/cm^3 

Vb Volume of build cm^3 

np Total number of parts N 

PR Packing Ratio  

Vbeds Total Beds Volume cm^3 

Wb Volume material wasted cm^3 

α Waste Factor  

Table 4 - Ruffo et al. Variable Explanation 

𝑡𝑏 = 𝑡𝑥𝑦 + 𝑡𝑧 + 𝑡𝐻𝐶  

Equation 7 - Time Variable Ruffo 

Variable Explanation 

tb Total time to complete build 

txy Tome to laser scan to sinter powder 

tz Time to add powder layer 

tHC Wait time for heating and cooling of bed (between layers, before and after) 

Table 5 - Ruffo et al Variable Explanation Material 
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Figure 6 - Ruffo et al Cost Breakdown Pie Chart [6] 

𝐶𝑜𝑠𝑡𝐵 = 𝑃𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 ∗ (𝑡𝑥𝑦 + 𝑡𝑧 + 𝑡𝐻𝐶) + 𝑃𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 ∗ (𝑝 ∗ ((𝑉𝑝 ∗ 𝑛𝑝) + (𝑉𝑏𝑒𝑑𝑠 − 𝑉𝑏) ∗ 𝛼)) 

Equation 8 - Ruffo Total Cost per Build 

 

Figure 7 - Ruffo et al cost categories comparison with other models [6] 

HD - Hopkinson and Dickens (2003) 

When assessing the potential costs of production for an additively manufactured 

component the price per component cost can be modeled in two different ways. The first 

model, produced by Hopkinson and Dickens (2003) [13], determines the cost per unit based 

on the average cost of the part, as well as three additional assumptions that have been made. 
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The first is that the machine produces only one type of component for one year, the second 

assumption is that the maximum machine build volume is utilized on every build, and lastly 

the third assumption is that the machine runs 90% of the available time. 

This model takes into account material and labor costs, as well as machine operating 

costs. A total yearly cost is calculated and then divided by the number of parts to derive a 

cost per component average. The model calculates for an average, which means that the 

machine accessory equipment cost for one year must be determined along with yearly 

maintenance costs. Hopkinson and Dickens account for this by assuming total depreciation 

of the equipment over eight years. [40] 

The research conducted at Loughborough University in 2003 explores the idea that 

rapid manufacturing, such as SLS, FDM and SLM currently used mostly for prototyping and 

tooling purposes, can be analyzed in terms of unit cost for different production volumes. 

Hopkinson and Dickens describe the advantages and disadvantages that any company 

choosing RP for their RM strategies would face. [7] 

Total cost per part during this case study, for AM can be calculated using the 

following equations and variables shown below from Equation 9 to Equation 18 and on Table 

6 to Table 10. The final cost per part formula can be seen on Equation 19. 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 𝑝𝑒𝑟 𝑃𝑎𝑟𝑡 = 𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐶𝑜𝑠𝑡𝑠 + 𝐿𝑎𝑏𝑜𝑢𝑟 𝐶𝑜𝑠𝑡𝑠 + 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐶𝑜𝑠𝑡𝑠 

Equation 9 –Hopkinson and Dickens Total Cost Break Down [7] 

𝑀𝐶𝑃 =  
𝑀𝐶

𝑉
 

Equation 10 – Hopkinson and Dickens Machine Cost 
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𝑀𝐶𝑃 =  

𝐸

8
+ 𝑀

𝑉
 

Equation 11 – Hopkinson and Dickens Machine Cost Decomposed 

Variable Explanation Unit 

N Number per Platform  

T Build Time [h] 

R Production Rate per Hour N/[h] 

HY Hour Of Operation per Year [h] 

V Production Volume Total per Year N 

E Machine Purchase Cost [currency] 

D Equipment Depreciation per Year [currency] 

M Machine Maintenance per Year  [currency] 

MC Total Machine Cost per Year [currency] 

MCP Machine Cost per Part [currency] 

Table 6 - Hopkinson and Dickens Machine Cost Variables [7] 

𝐿𝐶𝑃 =  
𝐿

𝑁
 

Equation 12 – Hopkinson and Dicken Labour Cost 

𝐿𝐶𝑃 =  
𝑂𝑝 ∗ (𝑆𝑒𝑡 + 𝑃𝑜𝑠𝑡)

𝑁
 

Equation 13 – Hopkinson and Dickens Labour Cost decomposed 

Variable Explanation Unit 

Op Machine Operator Cost per Hour [currency] 

Set Set Up Time To Control Machine [hour] 

Post Post Processing Time per Build [hour] 

L Labour Cost per Build [currency] 

LCP Labour Cost per Part  

Table 7 - Labour Cost Variables and Constants 
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𝑆𝐿𝑀𝐶𝑃 =  𝑆𝐿𝑀𝐴𝑠𝑠 ∗ 𝑆𝐿𝑐𝑜𝑠𝑡 

Equation 14 – Hopkinson and Dicken Material Cost for SLS 

Variable Explanation Unit 

SLMass Material per Part Including Support [kg] 

SLcost Material Cost per kg [kg] 

SLMCP Material cost per Part [currency] 

Table 8 - Hopkinson and Dickens Material Cost for SLS 

𝐹𝐷𝑀𝐶𝑃 = (𝐹𝐷𝑀𝑃𝑀 ∗ 𝐹𝐷𝑀𝑃𝐶) + (𝐹𝐷𝑀𝑆𝑀 ∗ 𝐹𝐷𝑀𝑆𝐶) 

Equation 15 – Hopkinson and Dicken Material Cost FDM 

Variable Explanation Unit 

FDMPM Material per part [kg] 

FDMSM Support material per part [kg] 

FDMPC Build material cost per kg [currency/kg] 

FDMSC Support Material cost per kg [currency/kg] 

FDMCP Material cost per FDM part [currency/kg] 

Table 9 - Hopkison and Dickens Variables for FDM 

𝐿𝑆𝑀𝐶𝑃 =
𝐿𝑆𝑀𝐶

𝑁
 

Equation 16 – Hopkinson and Dicken Material Cost LS 

𝐿𝑆𝑀𝐶𝑃 =
(𝐿𝑆𝑀𝑈 + 𝐿𝑆𝑀𝑆) ∗ 𝐿𝑆𝐶

𝑁
 

Equation 17 – Hopkinson and Dicken Material Cost LS 
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𝐿𝑆𝑀𝐶𝑃 =
((𝑇𝐵𝑉 − 𝑁 ∗ 𝑉𝑃) ∗ 0.475) + (𝑁 ∗ 𝐿𝑆𝑀) ∗ 𝐿𝑆𝐶

𝑁
 

Equation 18 – Hopkinson and Dicken Material Cost LS 

Variable Explanation Unit 

LSC Material cost per kg [currency] 

LSM Mass of each part [kg] 

VP Volume of each part [cm3] 

TBV Total Build Volume [cm3] 

LSMS Mass of sintered material per build [Kg] 

LSMU Mass of un-sintered material per build [Kg] 

LSMC Cost of material used in one build [currency] 

LSMCP Material cost per part [currency] 

Table 10 - Hopkinson and Dickens Variables for LS 

𝐶𝑜𝑠𝑡𝑃𝑎𝑟𝑡 =   

𝐸

8
+ 𝑀

𝑉
+   

𝑂𝑝 ∗ (𝑆𝑒𝑡 + 𝑃𝑜𝑠𝑡)

𝑁
+

((𝑇𝐵𝑉 − 𝑁 ∗ 𝑉𝑃) ∗ 0.475) + (𝑁 ∗ 𝐿𝑆𝑀) ∗ 𝐿𝑆𝐶

𝑁
  

Equation 19 - Hopkison and Dickens Total Cost per Part 
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Figure 8 - Hopkinson and Dickens Lever Part [7] 

 

 

Figure 9 - Hopkinson and Dickens Cover Part [7] 

The authors provided research limitations in their methodology, reporting that they 

estimated the machine to be run for 1 year producing the same part, that they excluded 

overhead and testing cost from analysis, and that they did not take into account the difference 

in finishing that the AM parts would result in, compared to the traditionally manufactured 
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ones. The authors specify that this negates one of the benefits of AM, which is the possibility 

to switchover production without re-tooling. [7]  

Other limitations not specified by the authors are the part selections for the case 

study, which were the two parts as seen in Figure 8 and Figure 9. A small lever providing 

small volume and complex geometry, while the other, a case cover, providing medium 

volume and complex geometry. These are two examples of geometries that have not been 

optimized for AM, but have been optimized for the current manufacturing processes, such 

as injection molding, and as such have the highest performance to manufacturing cost ratio. 

Redesign of the whole assembly and/or part for AM could result in vastly different results. 

Large size parts with complex and simple geometries could also generate a limitation for this 

study, because while material costs scale up linearly with volume, build time and operation 

costs for large parts do not, and as such might prove that AM is not suitable or cost effective 

for such parts. 

The results of the study are shown in Figure 10 and Figure 11, where a graphical 

comparison between the Hopkinson and Dickens cost model, injection molding, and other 

processes are shown. The model produces a linear, constant value, cost per part that can be 

theoretically extrapolated across an infinite number of parts. While this model predicts that 

the cost per unit for the lever will be less for AM (up to 4800 units for SLA, 6000 units for 

FDM and 13000 for SLS)  at this production volume, injection molding would be more cost 

effective. The results for the larger size part, the cover, are different, showing a much lower 

manufacturing technology switchover point, were SLA and FDM became cost prohibitive 

above 650 units. [7] 
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The results of this study show that size and complexity of the part play a major role 

in the total cost per part. Thus, it is imperative to analyze and model properly the effect of 

switching over from traditional to additive while taking into consideration how well the 

model scales volume, density, and material properties, while also taking into consideration 

bed utilization and optimization, production of end user parts, post processing, and build 

time.  

 

Figure 10 - Cost Comparison Lever Part by Different Processes [7] 
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Figure 11 - Cost Comparison Cover Part by Different Processes [7] 

AS - Atzeni and Salmi (2012) 

The research study conducted by Atzeni and Salmi showcases the possible 

advantages of additive manufacturing techniques when the geometry is optimized for the 

manufacturing technique. The researchers specify that the current literature available only 

focuses on tooling, and that the research on metal AM is scarce, and concentrated only on 

small production volumes or single entity prototyping. The case study focuses on the cost 

analysis and compares a high quality and high-performance part found in the aerospace 

industry. The part is traditionally manufactured using high pressure die-casting (HPDC) and 

will be compared to a part that has been redesigned for, and manufactured with, selective 

laser sintering (SLS). The researchers pay close attention to DFM rules and apply DFAM 

(Design for Additive Manufacturing) rules to their part that is re-designed.  
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Total cost per part during the case study, for additive manufacturing can be 

calculated using the following equations. [21] 

𝑃 = 𝑀𝑃 + 𝐾𝑃 + 𝐶𝑃 + 𝐴𝑃 

Equation 20 – High Pressure Die Casting Total Cost Per Part [21]  

𝑃 = 𝑀𝑃 + 𝐴𝑃 + 𝐶𝑃 + 𝐵𝑃 

Equation 21 – Selective Laser Sintering Total Cost Per part [21] 

 

Variable Definition Unit 

P Cost [currency] 

N Number of Parts Produced per job  

M Material Cost per kg [currency/kg] 

V Part Volume [mm3] 

D Density of Material [g/mm3] 

O Machine operator cost per hour [currency/h] 

A Set-up time per build [h] 

C Machine Depreciation cost per year [currency/year] 

H Machine hours per year [h/year] 

B Post processing time per build [h] 

T Build Time [h] 

HT (z) Heat treatment per build [h] 

Table 11 - Atzeni and Salmi Sintering Cost Variables 

The methodology in the study conducted by Atzeni and Salmi in 2012 compares the 

cost of a 1:5 scale model Piaggio P180 Avant II landing gear assembly. The case study 

consisted of computing the original part cost produced using high pressure die casting, then 

comparing the cost with the same part redesigned and manufactured using AM techniques. 

Shown on the left side of Figure 12 is the tricycle style landing gear assembly. The original 
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is shown on the left, and the redesign model for AM is shown on the right in Figure 12. The 

authors of the paper followed the following guidelines as design rules for the redesign: 

capitalize on AM freeform ability, integrate to reduce the number of parts, and design with 

truly only function in mind with permissible undercuts and hollow sections. Following the 

finite element analysis redesign, the part was greatly optimized in weight to performance 

ratio.  

  

 

Figure 12 - Case Study Landing Gear Redesign [21] 

Results 

As described in Equation 13, Equation 14 and shown in Table 11, the cost per part 

is computed using all the presented variables. The high pressure die cast cost (N number of 

parts produced), is shown below with different production volumes in Figure 13. These 
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numbers have been produced using quotes from a mold maker, specifying that a low 

production number was required.  

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 𝑃𝑒𝑟 𝐴𝑠𝑠𝑒𝑚𝑏𝑙𝑦 = 21.29 + 21000/𝑁 

Equation 22 – AS Traditional Mfg. Cost per Assembly 

𝑃 = ((𝐷 ∗ 1.1 ∗ 𝑉) ∗ 𝑀) + (𝑂 ∗
𝐴

𝑁
) + (

(
𝐶

𝐻
∗ 𝑇)

𝑁
) +

(𝑂 ∗ 𝐵 + 𝐻𝑇)

𝑁
 

Equation 23 - Selective Laser Sintering Total Cost Decomposed 

The AS study found that by modeling the cost per part using the Die Casting process, 

a fixed cost of 20.75 Euros was found in addition to a tooling cost of 21000 Euros. These are 

then divided by production volume (N) to obtain per part cost. The result is Equation 22, 

which shows the total cost per assembly using Die Casting. This cost is then broken down 

by the authors, as shown in Figure 13, showing that mold costs make up for more than 90% 

of the total assembly cost for production volumes from 10 to 100 units of production. This 

figure shows the large costs associated with traditional manufacturing and how well they can 

scale up by increasing production volume.  
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Figure 13 - Die Cast Cost as Function of Production Volume [21] 

The second part of the study analyzed the production cost of the redesigned part, 

which, through integration, eliminated completely the need for assembly time. The part was 

designed for a specific machine (EOS Aluminum SLS), and the analyses resulted in a total 

cost per assembly of 526.31 Euros.  

The results of the case study clearly outline that in this case, a small production 

volume could be the target audience for a switchover from traditional manufacturing to 

additive manufacturing. The added benefits of this are a faster production schedule and less 

part stock. Shown below in Figure 14 is the division point between SLS and die cast for the 

P180 landing gear model. Higher than 42, Die Cast is more cost effective, below this number, 

SLS is the best value.  
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Figure 14 - Production Volume vs Cost per Assembly for Each Manufacturing Technique [21] 

The second case study conducted shows us that the breakeven point between CNC 

machining and AM manufacturing was at N=5, while for casting processes it was at N=50, 

as seen in Figure 12.  This shows that the mold cost needed for casting extends the breakaway 

point even further to the right, and as such there is a needed increase in N for cost 

optimization [42]. 

The case study conclusion discusses lead time for aircraft parts and an emphasis on 

the compatibility between high priced low production aircraft parts that are commonly now 

stocked and are needed on demand with short lead times.  

Cost Analysis 

In the case study presented by Atzeni and Salmi, comprehending the cost analysis 

between AM and traditional manufacturing relies on the understanding of what drives costs 
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for each method. Shown below in Figure 15, material costs are the most significant variable 

in AM final price, while tooling cost is the major driver of traditional manufacturing. 

  

Figure 15 - Cost Ratio vs Manufacturing Techniques [21] 

The cost effectiveness of laser additive manufacturing (LAM) parts is directly 

proportional to the manufacturing time per part, and its relative optimization, to offset high 

investment cost for the machine. This can be seen through the careful analysis of the 

economics of AM, especially when part redesign occurs.  It is important to understand that 

to take full advantage of AM and its cost saving potentials, the designer has to redesign the 

product and/or part assembly to take full advantage of the AM possibilities, such as intricate 

geometries that are usually not feasible with traditional manufacturing.  

It is essential to understand that redesigning for AM is the only means of optimizing 

AM in such a way that its cost efficacy can surpass that of traditional manufacturing. DFM 

for AM requires not only advanced knowledge in production and assembly techniques, but 

deep understanding of AM capabilities. This shift of complexity is transferred from the 
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10%

Additive Manufacturing 
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assembly and manufacturing operator skills to the AM manufacturing machine that will 

produce the end-usable product directly which may only require some last non-skilled labor 

refinishing. Researchers have extensively analyzed the various details involving principles 

of DFAM and the way design can change from traditional manufacturing to AM, as Gibson 

et al defined in DFAM. Without the ability to use strength to weight ratio, variable thickness 

and blind structure it would be impossible to manufacture otherwise [21,43]. 

The case study realized by these European researchers uses SLS, which is an energy 

beam that “creates the sections by locally and selectively melting a powder bed” [21]. They 

take into consideration that the AM machine is always used at full capacity and the powder 

bed layout of the machine is fully optimized for production volumes of the part. It is also 

important to mention that in the case study the administrative overhead costs, including 

energy, rental space and additional equipment needed to run the machines is not included in 

the cost model. The author specifies that in previous studies it has been found that this cost 

usually only affects the total cost by 10%.  

In the study, material cost is the weight of the part by unit cost of the material.  Mold 

costs include all steps of the production of the mold, from design and realization to the slides 

and parts required to create cavities and undercuts in the final part, all divided by the yearly 

production volume with the consideration that the mold will be amortized in one year [21]. 

Die casting cost results are seen in Figure 13, where a high fixed number associated 

with the mold cost, used in the die-casting, is divided by N number of parts (parts volume). 

This shows that the highest driver of product realization cost in traditional manufacturing is, 
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as shown before, mold realization, and components related to the mold, such as the cavities 

and slides. 

 

Figure 16 - Actual Cost for Traditional Mfg. for Case Study P180 [21] 

 

Figure 17 - Cost per Assembly of Die Cast P180 [21] 

With AM manufacturing, specifically for SLS, the results are completely different. 

The cost model’s main driving variables are now divided into four main categories: material 

costs, pre-processing cost, processing and post-processing costs. Figure 18 showcases the 

results of the analysis for the SLS manufactured part.  It is interesting to note that the largest 



46 

 

costs for AM manufacturing are in the machine cost per build and the processing cost per 

part.  

 

Figure 18 - Cost per Assembly using SLS P180 [21] 

The case study shows that when optimizing a part for AM, and when the production 

goals are small, SLS could be a viable option. This is especially evident when considering 

the massive saving in capital investment in the machine, which can be repurposed for 

updated designs. Advantages include the elimination of the individual part storage space and 

its related rental and energy costs. Airplane repair facilities prove to be a potential adopter 

of AM technology for current production due to the on demand, high precision and low 

interchangeability requirements. Replacement parts for many older airplanes are too 

expensive to manufacture due to low volume of procurements and therefore, SLS is a 

possibility [8,43]. The model has some limitations: the machine costs are all inclusive, taking 
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only into account machine initial investment and depreciation, without considering 

maintenance and reoccurring costs in any machine of that size and complexity. Another 

limitation the case study is subjected to is that administrative costs have not been considered 

due to taking only 10% of total per part cost [6,44]. 
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Chapter 5 

Cost Modeling Case Study 

The literature research presented has determined that there are various methods to 

estimate cost throughout varying production volumes. These cost models have different 

variables and “drivers” that are the most prominent components affecting the total price per 

part. Analyzing the cost models, removing variables with the least sensitivity and comparing 

the results with real world data is the main scope of this research. This will allow for a greater 

understanding of the cost factors driving additive manufacturing expense up.  

The three cost models selected have been presented above: Hopkinson and Dickens, 

Ruffo, Tuck and Hague and Atzeni and Salmi [6,7,21]. Thomas and Gilbert compare these 

models and their “Cost Effectiveness” analysis, in his NIST paper, which concluded that 

while additive manufacturing technologies offer great advantages, currently they are cost 

prohibitive due to the great expenses in material costs. The authors suggest that with higher 

popularity of AM processes, economies of scale should lower the raw material price points 

to make AM more competitive compared to traditional processes. The authors also mention 

that there is a lack in literature that covers the advantages in a multi-product large production 

environment where supply chain advantages are taken into consideration. [45] It is essential 

to understand the current literature and apply real experimentation to better understand the 

relationship between variables analyzed and reality, and as such the preliminary study 

conducted by the authors presents a simple research of a non-re-designed part using AM vs 

Traditional cost comparisons.  
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Preliminary Study  

The preliminary case study was conducted by Andrea Piazza (author) and Kyle 

Bielanos in 2016, analyzing the cost to manufacture a throttle body sensor bracket from CNC 

machining, injection molding, and different available AM techniques. Once these parts were 

manufactured or quoted to be manufactured, an extensive analysis of the cost and a 

comparison between different models was executed. The objective of the study was to 

investigate the most cost-effective tool to manufacture parts for the Formula SAE team at 

Florida Institute of Technology. 

# Research Question 

1 What is volume breakeven point to endorse positive switchover from Traditional 

to AM 

2 What is the most effective production volume for each manufacturing technique 

3 What is the accuracy of the current cost prediction models 

4 Does DFaM bring breakeven point further to the right (higher volume)  

Table 12 – Preliminary Research Questions 

Researchers at Florida Institute of Technology created a custom made, one off part 

made of a single component for the Formula SAE Team. This part is an object needed for 

the powertrain team and is the perfect example for a comparison case study between 

traditional and AM manufacturing techniques. The object is a throttle body sensor 

spacer/adapter and was analyzed and compared for different manufacturing processes. The 

cost has been tabulated and a breakeven point for the technologies was found. The part, 

shown in Figure 9, is a simple design, featuring a small size and low complexity, which 

should result in a favorable cost optimization for AM when compared to traditional 
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manufacturing. The production volume of this type of part is small and therefore, additive 

manufacturing could result in being the best viable option. The analysis will include a 

varying production volume and 5 different production processes.  

 

Figure 19 - FSAE Throttle Body Bracket 

Results 

A manufacturing analysis was conducted and tabulated. The results are shown in 

Table 13, which reveals large decreases in cost per part for the traditional manufacturing 

method as volume increases. These results show that at low production volumes, the “per 

part cost” due to tooling and machine expenses is high. For traditional manufacturing, this 

trend is also seen in the mid production volume environment but the cost increases rapidly 

when small batches of parts are made, but likewise it decreases rapidly as production volume 

increases. 



51 

 

 

Figure 20 and Figure 21 illustrate this cost comparison and immediately show how 

cost per part becomes dramatically lower at N=10 volumes.  While the initial cost of FDM 

and SLM is lower than Cast Urethane, it does not decrease greatly for these AM processes.  

This cost analysis was executed using Xometry manufacturing cost instant quoting system, 

which directly imports 3D CAD models of the part and estimates material volume and lead 

times for AM, as well as the raw material needed for molding and/or machining time in 

traditional manufacturing [42]. The results show a preliminary reason behind why large 

component manufacturers in are steering away from AM techniques and utilizing casting 

procedure for high volume parts. Simple components will always result in a breakeven point 

between the traditional manufacturing processes and AM that is relatively low (less than 100 

parts), always favoring processes that can produce large numbers of parts per build (such as 

casting). FDM Ultem and SLS Nylon costs remain steady, demonstrating that the cost model 
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utilized by the manufacturing provider does not scale nor optimize their builds by nesting 

the parts optimally on the build bed.  

Process Type # Produced Cost Per Part ($) 

CNC Al-6061 

1 264.61 

5 65.4 

10 40.5 

25 24.31 

50 18.4 

100 14.97 

SLS Nylon 

1 24.03 

5 18.97 

10 18.48 

25 18.2 

50 18.11 

100 18.02 

FDM ULTEM 

1 54.98 

5 54.98 

10 54.98 

25 54.98 

50 54.98 

100 54.98 

SLM Al 

1 483.95 

5 309.75 

10 287.97 

25 274.91 

50 270.55 

100 270.55 

Cast Urethane 

1 804.37 

5 189.56 

10 112.71 

25 80.79 

50 65.42 

100 57.74 

Table 13 - Cost Comparison Results FSAE Bracket 
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Figure 20 - FSAE Spacer Mfg. Method Comparison 

 

Figure 21 - FSAE Throttle Body Spacer Part Cost vs Volume 
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Figure 22 - FSAE Throttle Body Spacer Part Cost vs Volume Log Scale 

 

 

Figure 23 - Quotes Vs Actual Cost Preliminary Study 
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Conclusions of Preliminary Study 

Expected results are that additive manufacturing will be cost effective for low to 

medium low production volumes. While there have been great steps made towards 

increasing the advancement and speed of the technology, a mature process such as injection 

molding will have low production costs when reaching a crossing point with AM where the 

N (number of parts produced) will increase to a lower $/part amount and make traditional 

methods cost effective. In this case study, this point occurs past N=100, showing that high 

tooling and machine costs can be easily broken down by producing many parts. 

Unfortunately, as shown in Figure 23, the average error across real world printing cost and 

the model was 37.1%. 

The model and case study show us that additive manufacturing is a possible viable 

solution when the manufacturers either need to create a product that has a complex design 

or a high volume of production is desired. Excluding the cases where cost is not a 

requirement or limitation, additive manufacturing should be used exclusively by low to 

medium volume industry players that are willing to invest larger expenditures towards 

increasing their product performance and design optimization. If production numbers exceed 

the breakeven point for AM, which has been analyzed on a case by case basis based on the 

product geometry and complexity, traditional manufacturing remains the best choice to 

optimize costs. 

Complexity of assemblies and performance goals will always drive the AM 

technology to improve. Bulk production of simple components and parts for consumer 

product will most likely never foresee a future with AM due to the nature of the process and 
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the physical speed limitation of the machines used in the process. As such it essential to 

narrow down the study of AM for low to medium production volume. There is also a need 

for an increase into the research of component integration into single parts, instead of 

complex assemblies. It is important to mention that there are many limitations to the 

preliminary study, where only a single component was analyzed though a single AM service 

provider. This can have two effects, the first one is it can skew the manufacturing prices 

towards what the solitary manufacturing service providers prefers or what makes the most 

profits. The geometry of a single component part does not take into account integration and 

assembly optimization, which are great advantages that AM uses.  

# Research Question Answer 

1 What is volume breakeven point to 

endorse positive switchover from 

Traditional to AM 

Less than 100 Units 

 What is the most effective production 

volume for each manufacturing 

technique 

AM ≥ 100 

Trad. Mfg. ≤ 100 

3 What is the accuracy of the cost 

prediction model 

Avg. 37% Error from Actual 

Costs 

4 Does DFaM bring breakeven point 

further to the right (higher volume) 

No redesign conducted in this 

study 

Table 14 – Preliminary Research Questions Answers 

Main Case Study 

The case study explores currently utilized literature models utilized in the academic 

world and compares them to two international quoting services that aggregates additive 

manufacturing service providers, allowing for precise and up to date quoting information. 

The utilization of multiple quoting services and a quoting aggregator has been made to 

remedy the limitations of the preliminary study. Multiple products with different volumetric 
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and geometric properties have been used in the study. These products have been selected 

because they are common household owned items that have a mature and established 

manufacturing process. Their production volumes are in the multiple thousands of units per 

year and are manufactured and sold worldwide. The use of products with established 

manufacturing processes can move the breakeven point for AM processes to a non-cost 

effective zone, which is important, because AM cannot be competitive in large scale 

manufacturing until it is cost competitive for well matured and established manufacturing 

processes and techniques.  

#  Research Questions 

1 What is the most effective production volume for each manufacturing technique 

2 What is the accuracy of each current cost prediction model 

3 Which variables affect the cost model outcome the most 

4 What is the most dominant factor in AM large production feasibility 

Table 15 – Main Case Study Research Questions 

Methodology 

The case study presented showcases a model comparison and an analysis with both 

real world data and modeling data from previously created literature models. The modeling 

experiment analyzes the accuracy of cost estimation for AM technologies in literature cost 

models available in the litearature of the academic dominion, while the precision of the 
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models is examined using average data from the international quoting systems Additively 

and Xometry [42,46]. The cost models have been previously applied to their respective case 

studies, analyzing their performance of singular parts and low production volumes, while 

also being machine specific [45].  

The sample of the cost model are products selected using the following criteria’s: 

products must be generic and with high yearly production volumes. They should be of 

relative low complexity and of completely different shapes and overall dimensions. Part 

material should differ between the three parts. For the experiment three common household 

and industrial components have been selected: a metal and plastic generic stapler, a fully 

plastic go-pro suction cup mount and a fully steel water pump. These are high production 

volume parts that have been manufactured for a number of years and have a mature tooling 

and production schedule. They are sold at inflation adjusted constant price and have reached 

demand/supply maturity. As such their price is not influenced by their availability, which is 

not scarce. 

The case study has been conducted in the STRIDE lab at Florida Institute of 

Technology. Possible limiting conditions for the conducted study are a lack of real world 

testing data for expensive and complex AM and Traditional manufacturing processes (such 

as in house FDM and SLS/SLM Printing). The following steps were taken to produce the 

data for the models and the quotation system.  

A CAD of each model (component level) has been created, which includes volume 

and material properties (Mass, Density, Surface Area, Volume). The CAD model of each 

component is then analyzed in a slicer program (Slicr3D,Repetier-Host) and the support 
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material needed for the creation of the part using AM processes is calculated, as shown in 

Figure 24 [47,48]. 

 

Figure 24 - Generation of Support Material in GoPro Tripod Mount for Support Volume 

Calculations (shown in Green) 

 Once the CAD components were designed, the quoting agencies were contacted 

(Additively and Xometry) to get quotes for different AM types. Matching product 

specifications, volume and material data was obtained for traditional manufacturing through 

a consulting agency. Once all the data arrived the results were tabulated and all the quotes 

were averaged to simplify the comparison process. Once the results from the quoting services 

and the models were organized, a regression to predict sensitivity of the model per variable 

was executed on each of the three selected cost models for each of the products components. 
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This will allow the case study to analyze model performance depending on part and 

production volume, model accuracy and most significant model driver.  

Quotes Analysis 

Quotes obtained from the AM service provides have been analyzed and averaged. 

An average of five un-named vendors have provided quotes partially stripped of their profit 

margin information, and this allows for a neutral comparison with the model. The quoted 

cost per unit has been averaged and tabulated for each component with varying production 

volumes. The variance between each component has been averaged and the standard 

deviation of each complete part (assembly) has been calculated using the square root of the 

average of the variance, as shown in Equation 24. The raw values obtained from the suppliers 

can be found in Appendix B.  

Avg. St. Dev. = √
(𝜎𝑛 + 𝜎𝑛+1 + ⋯ )

𝑛
 

Equation 24 - Average St. Dev. Calculation 
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Production Volume: 10 100 100000 

Part Components Mean Std. 

Dev 

Mean Std. Dev Mean St.Dev 

Generic 

Stapler 

Base 111.99 7.26 114.45 6.03 119.4 13.97 

Stapler 

Catch 

13.91 3.8 13.91 1 14.79 5.36 

Top 128.78 9.5 131.61 2.79 137.31 10.17 

Stapler 

Tray 

41.86 4.8 41.86 9.39 44.6 20.57 

Go Pro 

Mount 

Tripod 

Mount 

52.16 1.34 52.16 2.68 55.59 4.36 

Long Arm 32.65 1 32.65 1.56 34.78 4.8 

Modular 

Arm 

32.61 0.95 32.61 1.45 34.74 2.12 

Water 

Pump 

Impeller 53.75 15.54 53.75 15.54 57.29 16.21 

Shaft 29.28 1.56 29.28 1.5 30.02 1.67 

Top Case 170.3 9.61 176.74 9.55 181.69 10.28 

Bottom 

Case 

148.2 8.72 153.08 8.6 158.03 9.5 

Table 16 – FDM Quotes Statistical Analysis 
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Production Volume: 10 100 100000 

Part Components Mean Std. 

Dev 

Mean Std. 

Dev 

Mean St.Dev 

Generic 

Stapler 

Base 89.65 6.03 87.32 5.7 90.8 11.18 

Stapler 

Catch 

54.44 1.78 47.45 2.01 48.28 5.59 

Top 103.097 11.62 100.418 5.03 103.92 8.94 

Stapler 

Tray 

317.31 10.06 299.46 13.97 270.25 23.47 

Go Pro 

Mount 

Tripod 

Mount 

16.69 1.11 16.26 2.34 16.87 4.13 

Long Arm 13.31 0.78 13 1.22 13.48 4.58 

Modular 

Arm 

13.51 0.67 13.16 0.33 13.64 1.9 

Water 

Pump 

Impeller 53.75 15.54 53.75 15.54 57.29 16.21 

Shaft 29.28 1.56 29.28 1.5 30.02 1.67 

Top Case 170.3 9.61 176.74 9.55 181.69 10.28 

Bottom 

Case 

148.2 8.72 153.08 8.6 158.03 9.5 

Table 17 - SLS Quotes Statistical Analysis 

 As seen above in Table 16 and Table 17, the standard deviations for each component 

of each part is shown. Comparing standard deviations between the parts shows that for the 

Water Pump Impeller and the Stapler Top, the FDM quotes have a higher standard deviation 

and thus a higher variance in the quoted data. Similarly, this trend can be seen with the SLS 

process, where the Stapler Top, the GoPro Tripod and the Water Pump Impeller show a 

higher variance of quotes than the other components. The GoPro mount components showed 

the lowest standard deviation across the part, resulting in a downward trend of part volume 

to quotes spread. Another visible trend in the quotes data was that the spread of quotes 
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increase with the increase of production volume. It is worth noting that for the water pump, 

the FDM and SLS quotes were the same, due to suppliers only quoting for SLS for this part.   

In Figure 25 to Figure 39 boxplots of the quoted data is shown to graphically display 

variance for each component at each production volume level.  

 

 

Figure 25 - Quotes BoxPlot Stapler FDM 10 Units 
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Figure 26 - Quotes BoxPlot Stapler SLS 10 Units 

 

Figure 27 - Quotes BoxPlot Stapler FDM 100 Units 
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Figure 28 - Quotes BoxPlot Stapler SLS 100 Units 

 

Figure 29 - Quotes BoxPlot Stapler FDM 100000 Unit 
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Figure 30 - Quotes BoxPlot Stapler SLS 100000 Unit 

 

Figure 31 - Quotes BoxPlot Gopro FDM 10 Unit 
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Figure 32 - Quotes BoxPlot GoPro SLS 10 Unit 

 

Figure 33 - Quotes BoxPlot GoPro FDM 100 Unit 
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Figure 34 - Quotes BoxPlot GoPro SLS 100 Unit 

 

Figure 35 - Quotes BoxPlot GoPro FDM 100000 Unit 
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Figure 36 - Quotes BoxPlot GoPro SLS 100000 Unit 

 

Figure 37 – Quotes BoxPlot Water Pump SLS/FDM 10 Unit 
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Figure 38 - Quotes BoxPlot Water Pump SLS/FDM 100 Unit 

 

Figure 39 - Quotes BoxPlot Water Pump SLS/FDM 100000 Unit 
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Figure 25 to Figure 39 show the same trend than those seen in the table above. The 

Water Pump components are the part with the highest variation of quotes, but this is possibly 

due to their large internal cavity and the large component volume. The smallest variation 

comes from the smallest volume parts, the GoPro mount parts.  

Parts 

The case study analyzed three different products composed of many different 

individual components. The products chosen by the researchers are a generic stapler, a GoPro 

camera mount, and an automotive mechanical belt driven water pump. These items provide 

the complete spectrum from full metal to full plastic, with the stapler in between, and also 

provide a solid variation between volume and sizing, while maintaining similar face and 

inner geometry complexity. For the sake of reducing complexity, hardware has been 

removed from the object and is not taken into consideration in the case study. Hardware is 

usually manufactured off site by a different company, and as such its pricing remains the 

same even though manufacturing techniques are switched.  Listed below are the details for 

each of the parts, a breakdown of the components, the materials, and volumes used. 
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Figure 40 - Case Study Part #1 – Generic Stapler 

The stapler is the first part used in the case study. It is made of approximately 50% 

plastics and 50% metals by weight. This is a common object found in offices and households 

worldwide. 

Part 

# 

Part Name Mass 

[Lbs] 

Materi

al 

Volume 

[in3] 

Surface Area 

[in2] 

Density 

[lbs/in3] 

1 Base 0.039 ABS 8.027 48.760 0.039 

2 Stapler_cat

cher 

0.035 Cast_st

eel 

0.132 3.065 0.264 

3 Top 0.091 ABS 9.125 52.830 0.039 

4 Stapler_Tra

y 

0.347 Cast_st

eel 

1.314 28.959 0.264 

Tota

l 

 
0.512 

 
18.598 133.614 0.152 

Table 18 - Generic Stapler Component Properties 
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FDM SLS Trad. 

Production Volume 

10 100 100000 10 100 100000 10 100 100000 

111.99

0 

114.45

0 

119.40

0 

89.650 87.320 90.800 159.12

0 

79.470 77.490 

13.910 13.910 14.790 54.440 47.450 48.280 50.040 10.420 12.920 

128.78

0 

131.61

0 

137.31

0 

103.09

7 

100.41

8 

103.92

0 

181.98

0 

91.400 89.110 

41.860 41.860 44.600 317.31

0 

299.46

0 

270.25

0 

130.37

0 

35.710 44.540 

296.54

0 

301.83

0 

316.10

0 

564.49

7 

534.64

8 

513.25

0 

521.51

0 

217.00

0 

224.06

0 

Table 19 –Generic Stapler Quotes 

The GoPro mount provides a great example of utilization of the injection molding 

process. This piece is 100% Polyurethane, which provides a smooth and glossy finish of the 

model, while maintaining great handling characteristic, durability, brittleness and strength.  

 

Figure 41 - Case Study Part #2 - GoPro Mount 
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Part 

# 

Part 

Name 

Mass 

[Lbs] 

Mater

ial 

Volume 

[in^3] 

Surface Area 

[in^2] 

Density 

[lbs/in^3] 

1 Tripod 

Mount 

0.013 ABS 0.358 6.460 0.039 

2 Long_arm 0.014 ABS 0.390 7.618 0.039 

3 Modular_

arm 

0.015 ABS 0.411 7.556 0.039 

Tota

l 

 
0.042 

 
1.159 21.634 0.039 

Table 20 - GoPro Mount Components Properties 

FDM SLS Trad. 

Production Volume 

10 100 100000 10 100 10000

0 

10 100 100000 

52.160 52.160 55.590 16.69

0 

16.26

0 

16.870 80.300 37.740 36.620 

32.650 32.650 34.780 13.31

0 

13.00

0 

13.480 72.810 36.890 36.470 

32.610 32.610 34.740 13.51

0 

13.16

0 

13.640 73.090 37.080 36.680 

117.42

0 

117.42

0 

125.11

0 

43.51

0 

42.42

0 

43.990 226.20

0 

111.71

0 

109.77

0 

Table 21 - GoPro Mount Quotes 

The final object in the case study was a mass produced mechanical driven water 

pump. This object is comprised of 100% metal, and involved two critically designed 

components that require high precision and high tolerancing.  
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Figure 42 - CAD Model of Water Pump 

Part # Part 

Name 

Mass 

[Lbs] 

Material Volume 

[in^3] 

Surface Area 

[in^2] 

Density 

[lbs/in^3] 

1 Impeller 0.248 Steel 0.940 22.003 0.264 

2 Shaft 0.067 6061T6 0.688 6.092 0.098 

3 Top 

Case 

0.382 6061T6 3.914 70.469 0.098 

4 Bottom 

Case 

0.233 6061T6 2.391 48.003 0.098 

Total 
 

0.930 
 

7.933 146.567 0.140 

Table 22 – Water Pump Components Properties 
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FDM SLS Trad. Mfg. 

Production Volume 

10 100 10000

0 

10 100 100000 10 100 10000

0 

53.750 53.750 57.290 295.650 284.120 282.140 73.700 15.13

0 

18.810 

29.280 29.280 30.020 246.380 234.520 235.760 16.460 3.030 3.690 

170.38

0 

176.74

0 

181.69

0 

764.130 735.280 666.760 204.76

0 

47.47

0 

57.370 

148.20

0 

153.08

0 

158.03

0 

574.700 561.470 503.360 146.29

0 

33.89

0 

42.260 

347.86

0 

359.10

0 

369.74

0 

1585.21

0 

1531.27

0 

1405.88

0 

367.51

0 

84.39

0 

103.32

0 

Table 23 – Water Pump Quotes 

Variable Comparison 

Each model presents different variables customized by the authors and creators of 

the particular model. To compare the cost models input variables, they need to be matched 

with the corresponding one from the other model. The result is a list of variables that are 

commonly shared across all three model. This will then be used for the regression analysis. 

Table 24, shown below, displays the selected variables shared across the models and 

provides a short explanation for each one. The variables listed below are only a part of the 

factors that affect the cost of part creation with AM processes. While other variables, such 

as support material infill, part orientation on bed, extrusion speed, machine speed and others 

have an effect in cost per part, they have not been included in the models evaluated and as 

such in the variable comparison for the case study.  
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# Variable Explanation 

1 N Production Volume Total Per year 

2 M Material Cost 

3 V Part Volume 

4 D Material Density 

5 OP Machine Operator Cost per hour 

6 S Set - up Time 

7 D Equipment Depreciation Per year 

8 HY Machine Hours Per year 

9 M Machine Maintenance per year 

10 E Machine Purchase Cost 

11 T Build Time 

12 PP Post Production Time 

Table 24 - List of Shared Variables 

As stated above, only variables used in the model can be compared. While there are 

many factors that affect the total cost per part in AM and in manufacturing, the variables 

listed above are the main contributors in the models evaluated. 

Model Results 

The parts described in the previous section have been analyzed utilizing the three 

models discussed in Chapter 4.  Since each object had different components, plots have been 

generated for each component. This allows for a visual inspection on the difference each 
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component has on the final price of the part, which variable affects the total cost of each 

component, and by how much. This amount is considered the “weight” of each variable, and 

how much this affect the total cost per unit of the complete assembly that makes up the 

object.  

AS Model  

The following plots starting from Figure 43 display the weight of each variable 

group on the total cost per part of the objects. Mentioned in Chapter 4, the study conducted 

by Atzeni and Salmi uses the following equation to predict cost [21].  

 

Equation 25 – Atzeni Salmi Cost Breakdown 

This equation can be broken down in four different categories:  

Category Description 

MP Material Cost 

AP Pre-Processing Cost 

CP Processing Cost 

BP Post-Processing Cost 

Table 25 - AS Categories Variable Weight 

These four categories, created by the authors of the model, can be easily used as a 

comparison tool with other models. This breakdown allows us to understand how each 

variable group affect cost depending on production volume, and as such identify the final 

cost factors. The first category is material costs, which is only the material used to build the 
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part. The second category is the cost associated with the machine setup and the operator that 

has to control the machine. Processing cost, the third category is the cost of the machine 

through its depreciation and the cost of running it to complete the build. The final category 

is any operator cost to heat treat the parts or if any post cleanup work needs to be executed.  

 

Figure 43 - Stapler Base (Part #1) 

 

Figure 44 –Stapler Catch (Part #2) 

0.3% 2.7%

96.5%

1.2%
1.2%

0.0%

94.5% 92.2%

3.3%

4.0% 3.9% 0.1%

1 0 1 0 0 1 0 0 0 0 0

% MP %AP %CP %BP

0.4% 3.6%

79.0%

1.2% 1.2%

0.3%

94.4% 91.4%

19.9%

4.0% 3.9% 0.8%

1 0 1 0 0 1 0 0 0 0

% MP %AP %CP %BP
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Figure 45 – Stapler Top (Part #3) 

 

Figure 46 – Stapler Tray (Part #4) 

Table 26 - Atzeni and Salmi Stapler Variable Weight 

Table 26 shows that one of the most important factors in final cost per unit for the 

generic stapler example is processing cost for low volume count, from 10 to 100 units. This 

changes completely for high volume production of 10000 parts, where the processing cost 

encompasses less than 2.5% of the total cost per unit. At high volume levels the most 

significant variable is material cost.  

The next object analyzed through the Atzeni and Salmi model was the GoPro mount, 

below are the plots for each variable and their respective weight into final cost per unit.  

0.3% 3.1%

75.9%

1.2% 1.2%

0.3%

94.5% 91.9%

22.8%

4.0% 3.9% 1.0%

1 0 1 0 0 1 0 0 0 0

% MP %AP %CP %BP

3.6%

27.2%

97.4%

1.2%

0.9%

0.0%

91.4%

69.0%

2.5%
3.9% 2.9% 0.1%

1 0 1 0 0 1 0 0 0 0

% MP %AP %CP %BP
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Figure 47 - GoPro Mount Tripod (Part #1)  

 

Figure 48 - GoPro Mount Arm (Part #2)  

 

 Figure 49 - GoPro Mount Modular (Part #3) 

 

Table 27 - Atzeni GoPro Mount Components Variable Weight 

0.0% 0.1%

55.3%

1.2% 1.2%

0.5%

94.8% 94.7%

42.4%

4.0% 4.0% 1.8%

1 0 1 0 0 1 0 0 0 0 0

% MP %AP %CP %BP

0.0% 0.1%
11.9%1.2% 1.2%
1.1%

94.8% 94.7% 83.5%

4.0% 4.0% 3.5%

1 0 1 0 0 1 0 0 0 0

% MP %AP %CP %BP

0.0%
0.1% 12.4%1.2%
1.2% 1.1%

94.8% 94.7% 83.0%

4.0% 4.0% 3.5%

1 0 1 0 0 1 0 0 0 0

% MP %AP %CP %BP
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The GoPro mount is comprised of three different components. Results in Table 27 

show that the two arms behave similarly, which is expected due to the parts is being similar 

geometrically. For these two components, the most important variables to determine cost is 

processing costs. The tripod mount part is different geometrically and behaves more 

similarly to the stapler parts. For this part, high volume production results in material costs 

comprising more than 55% of the total per unit cost.  

The last object analyzed through the Atzeni and Salmi model was the Water Pump, 

shown in Table 28 below, where the plots for each variable weight into final cost per unit 

are listed.  
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Figure 50 - Water Pump Impeller (Part #1) 

 

Figure 51 - Water Pump Shaft(Part #2) 

 

Figure 52 Water Pump Top Case (Part #3) 

 

Figure 53 – Water_P Bottom Case (Part #4) 

Table 28 – Atzeni and Salmi Water Pump Components Variable Weight 

2.4%

19.6%

99.6%

1.2%

1.0%

0.0%

92.5%

76.2%

0.4%
3.9% 3.2% 0.0%

1 0 1 0 0 1 0 0 0 0 0

% MP %AP %CP %BP

0.2% 2.1%

95.5%

1.2% 1.2%

0.1%

94.6% 92.8%

4.3%

4.0% 3.9% 0.2%

1 0 1 0 0 1 0 0 0 0 0

% MP %AP %CP %BP

0.2% 2.1%

95.5%

1.2% 1.2%

0.1%

94.6% 92.8%

4.3%

4.0% 3.9% 0.2%

1 0 1 0 0 1 0 0 0 0 0

% MP %AP %CP %BP

0.7% 6.8%

98.7%

1.2% 1.1%

0.0%

94.1%
88.3%

1.3%
4.0% 3.7% 0.1%

1 0 1 0 0 1 0 0 0 0 0

% MP %AP %CP %BP
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The water pump model shows an almost perfect relationship between final cost per 

unit and material cost for high volume production levels. For water pump components at 

10000 unit volume, the material cost are higher than 95% of total cost per unit. This shows 

that material costs in this 100% metal application are the most important factors in 

determining total cost per unit of the object.  

HD Model 

The following plots starting from Figure 55 to Figure 57 display the weight of each 

variable group on the total cost per part of the objects. Mentioned in Chapter 4, the study 

conducted by Hopkinson and Dickens uses the following equation to predict total cost per 

unit [7].   

 

Equation 26 - Hopkinson and Dickens Cost Model 

This equation can be broken down in three different categories:  

Category Description 

MCP Machine Cost 

LCP Labor Cost 

SLSCP Material Cost 

Table 29 - HD Categories Variable Weight 

These three categories, created by the authors of the model, can be easily used as a 

comparison tools with other models. This breakdown allows us to understand how each 

variable group affects cost depending on production volume, and as such helps to identify 
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the final cost factors. The first category is the machine cost, which includes the utilization of 

the machine and its depreciation over a fixed timeframe. Labor cost is the second category, 

which includes the operator cost to setup the machine, process the build, and execute any 

needed post processing. The last category is the material cost needed for both the part and 

any support material needed.  
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Figure 54 - Stapler Base (Part #1) 

 

Figure 55 - Stapler Catch (Part #2) 

 

Figure 56 - Stapler Top (Part #3)  

 

Figure 57 - Stapler Tray (Part #4)  

Table 30 - Hopkinson and Dickens Stapler Components Variable Weight 

0.7% 6.8%

98.7%

1.2% 1.1%

0.0%

94.1%
88.3%

1.3%
4.0% 3.7% 0.1%

1 0 1 0 0 1 0 0 0 0 0

% MP %AP %CP %BP

0.7% 6.8%

98.7%

1.2% 1.1%

0.0%

94.1%
88.3%

1.3%
4.0% 3.7% 0.1%

1 0 1 0 0 1 0 0 0 0 0

% MP %AP %CP %BP

99.8% 99.8%

96.7%

0.2%
0.2%

0.2%

0.0% 0.0%

3.1%

1 0 1 0 0 1 0 0 0 0

%MCP %LCP %SLSCP

99.8% 99.8%

96.7%

0.2%
0.2%

0.2%

0.0% 0.0%

3.1%

1 0 1 0 0 1 0 0 0 0

%MCP %LCP %SLSCP
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In the first object, the generic stapler, the Hopkinson model shows different results 

to the Atzeni model throughout the production volume variation. The Hopkinson model 

shows a much heavier emphasis on machine cost variables, where for less than 100 

production units, >99% of the total cost is attributed to machine cost. Two parts do not follow 

this trend for the stapler, the base and the staple tray, where the material cost have a greater 

effect on the final cost, close to approximately 30%.  

The second object analyzed through the Hopkinson and Dickens Model was the 

GoPro mount, Figure 58 to Figure 60.  
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Figure 58 - GoPro Tripod (Part #1) 

 

Figure 59 - GoPro Arm (Part #2) 

 

Figure 60 - GoPro Modular (Part #3) 

 

Table 31 - Hopkinson and Dickens GoPro Mount Components Variable Weight 

99.8% 99.8%

96.7%

0.2%
0.2%

0.2%

0.0% 0.0%

3.1%

1 0 1 0 0 1 0 0 0 0

%MCP %LCP %SLSCP

99.8% 99.8%

96.7%

0.2%
0.2%

0.2%

0.0% 0.0%

3.1%

1 0 1 0 0 1 0 0 0 0

%MCP %LCP %SLSCP

99.8% 99.8%

99.6%

0.2%
0.2%

0.2%

0.0% 0.0%

0.1%

1 0 1 0 0 1 0 0 0 0

%MCP %LCP %SLSCP
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The GoPro mount object delivers interesting results when put through the 

Hopkinson and Dickens model. This is a part that is 100% made of plastics, and 

unfortunately for this part the model showed unit cost predictions that were independent of 

volume. This is partially due to the Hopkinson model being inaccurate for small volume 

parts. This is caused by a combination of a high machine cost, including depreciation, and a 

small volume of each component of the object. This results in the machine cost 

overshadowing the material and labor cost for the part.  

The next object analyzed through the Hopkinson and Dickens model is the Water 

Pump, Figure 61 to Figure 64.  
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Figure 61 –Water Pump Impeller (Part #1) 

 

Figure 62 - Water Pump  Shaft (Part #2) 

 

Figure 63 - Water Pump Top Case (Part #3) 

 

Figure 64 – Water_P Bottom Case (Part #4) 

Table 32 - Hopkinson and Dickens Water Pump Components Variable Weight 

99.8% 99.5%

28.9%

0.2%
0.2%

0.1%

0.0% 0.2%

71.0%

1 0 1 0 0 1 0 0 0 0 0

%MCP %LCP %SLSCP

99.8% 99.8%
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1 0 1 0 0 1 0 0 0 0 0

%MCP %LCP %SLSCP
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%MCP %LCP %SLSCP



91 

 

The water pump results for the Hopkinson model show a similar trend that this 

model has shown throughout the three objects analyzed. The labor cost is mostly 

insignificant throughout all the components, while material cost increases to a maximum of 

45% of total costs for high volume production. 

RM2003 Model 

The following plots starting from Figure 65 to Figure 68 display the weight of each 

variable group on the total cost per part of the objects. Mentioned in Chapter 4, the study 

conducted by Ruffo et al. uses the following equation to predict total cost per unit.   

𝐶𝑜𝑠𝑡𝐵 = 𝑃𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 ∗ (𝑡𝑥𝑦 + 𝑡𝑧 + 𝑡𝐻𝐶) + 𝑃𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 ∗ (𝑝 ∗ ((𝑉𝑝 ∗ 𝑛𝑝) + (𝑉𝑏𝑒𝑑𝑠 − 𝑉𝑏) ∗ 𝛼)) 

Equation 27- Ruffo et al Total Cost per Unit Equation 

This equation can be broken down in two different categories:  

Category Description 

Direct Cost Material Cost 

Indirect Cost Machine Cost 

Table 33 - RM2003 Categories Variable Weight 

Ruffo et al. divided their cost in specific categories that are broader but are explained 

differently and are well defined and more flexible than the other models explored. Direct 

costs are exclusively the material costs divided by possible builds using the total amount of 

available build space throughout the entire planned production volume. Indirect costs include 

machine cost and machine utilization cost plus administrative overhead.  



92 

 

 

Figure 65 –Stapler Base (Part #1) 

 

Figure 66 – Stapler Catch (Part #2) 

 

Figure 67 – Stapler Top (Part #3) 

 

Figure 68 – Stapler Tray (Part #4) 

Table 34 - Ruffo et al Stapler Components Variable Weight 

0.4% 3.2%

97.1%
99.6%

96.8%
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1 0 1 0 0 1 0 0 0 0 0

Direct Cost Indirect Cost

0.2% 0.6%

29.2%

99.8%
99.4%
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0.0% 0.4%
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1 0 1 0 0 1 0 0 0 0

%MCP %LCP %SLSCP
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The generic stapler results for the Ruffo et al. model show similar trending results 

from what was found on the previous models. Material costs are negligent for low production 

volume, whereas indirect costs are massively impacting the final per unit cost. For high 

production volumes, direct cost make the biggest impact. This is expected because, like the 

previous models, materials makes up the largest amount of expenditure for the parts. As 

volume of the part increases, this trend is more recognizable.  

The second object analyzed through the Ruffo et al. Model was the GoPro mount, 

in Figure 69 to Figure 71 
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Figure 69 – GoPro Tripod Mount (Part #1) 

 

Figure 70 – GoPro Arm (Part #2)  

 

Figure 71 – GoPro Modular (Part #3)  
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99.8%
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Direct Cost Indirect Cost
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Table 35 – Ruffo et al. GoPro Mount Components Variable Weight 

The GoPro mount object seems to be greatly negatively impacted by both the HD 

and the RM2003 model. For every production volume, costs are fully affected by indirect 

costs, such as machine cost and administrative costs, while indirect costs only has a 

maximum weight of 15% at the highest production volume.  

The final object analyzed through the Ruffo et al. Model was the mechanical water 

pump, in Figure 72 to Figure 75.  
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Figure 72 – Water Pump Impeller (Part #1) 

 

Figure 73 – Water Pump Shaft (Part #2)  

 

Figure 74 - Water Pump Top Case (Part #3)  

 

Figure 75 - Water Pump Bottom Case (Part 

#4) 
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Table 36 - Ruffo et al. Water Pump Components Variable Weight 

 

The final case study object analyzed through the Ruffo et al model was the Water 

Pump. This 100% metallic object, showed similar results occurring in the other models. High 

weight of the material costs to total cost on high production volumes, and a similarly opposite 

trend for low production volumes.  

Comparison between Models and Quoting 

The case study revealed that the 3 models analyzed have advantages and 

disadvantages depending on the materials used for the object and on the production volume. 

It is important to understand that there are limitations in the models. These limitations are 

both intrinsic to the model and the study. The models have been designed to simulate laser 

sintering technology. When the models are applied to different processes that differ greatly 

from laser sintering, some of the model parameters become obsolete and the model becomes 

inaccurate. Other limitations include the fixed cost that certain models include while others 

do not because the authors deemed these costs to be insignificant. The following are the 

results of the case study.  
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Quotes Models 

Part Volume FDM SLS Trad. Atzeni Hopkison Ruffo 

Water 

Pump 

10 347.86 1585.2 367.5 806.7 79528.7 84822.7 

100 359.1 1531.3 84.4 88.9 7961.1 8863.3 

100000 369.7 1405.9 103.3 9.229 17.1 431.9 

GoPro 

Mount 

10 117.4 43.5 226.2 598.3 59639.8 63323.9 

100 117.4 42.4 111.7 59.9 5964.05 6341.5 

100000 125.1 43.9 109.8 0.51 41.82 54.48 

Stapler 10 296.5 564.5 521.5 807.0 79529 84725.1 

100 301.8 534.6 217 89.1 7961.3 8693.15 

100000 316.1 513.2 224.0 9.99 71.0 310.6 

Table 37 - Tabulated Price Comparison (Values in USD) 
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Figure 76- Stapler Cost Comparison 

 

Figure 77 - GoPro Mount Cost Comparison 
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Figure 78 - Water Pump Cost Comparison 

The results shown in Figure 76 to Figure 78 showcase the cost per part of each object 

for each model. Hopkinson and Dickens and Ruffo et al. show numbers for low production 

volume that are 100 times higher than the other models These results are caused by a 

complete machine depreciation inclusion in the cost of the parts, and as these machines are 

expensive (1.6 million US Dollars), low production volumes result in high cost per part. The 

plots have been showed with a logarithmic to allow for a proper visual comparison for every 

model and every production volume category apart from the Hopkinson and Ruffo models 

for 10 units of production volume.  
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Figure 79 - Stapler Cost Comparison Log Scale 

 

Figure 80 - GoPro Mount Cost Comparison Log Scale 
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Figure 81 - Water Pump Cost Comparison Normalized 

Figure 79 to Figure 81 compare the three models tested in this case study and 

additional average quotes received through an additive manufacturing companies’ 

aggregation quoting service. The plots show that FDM is clearly the most cost effective 

solution, with traditional manufacturing in second place for two out of the three of the case 

study parts. The plots also show the Atzeni model being the most aggressively priced, 

skewing results to show a very cost advantageous AM process.  

These plots clearly showcase the most cost-effective solution and represent how 3D 

printing technology is still considered a cost prohibitive endeavor for large production 

volumes. The results show that while the cost per part is greatly reduced in the models, such 

benefits are not present in the real-world manufacturing service industry. This could be 

caused by two different factors. The first one is innovation cost and the second one is added 

exclusivity cost of using these modern additive manufacturing techniques.  
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Figure 82 - Case Study Volume vs Deviation FDM 

 

Figure 83 - Case Study Volume vs Deviation SLS 
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Figure 84 - Error Vs Part Type for FDM 

 

Figure 85 - Error vs Part Type for SLS 
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Figure 82 shows an important trend of accuracy of RM2003 as the production 

volume approaches 10000. The opposite can be seen for the HD and AS models, were error 

percentage increases with a production volume increase. The models seem to be inaccurate, 

as shown in Figure 84 and Figure 85 with disregard to the specific part, while Figure 82 and 

Figure 83 show that there are trends regarding volume vs error.   

Regression Analysis 

The data collected through the quoting aggregator and the models has been 

documented in a large excel sheet. Two different analyses have been conducted on the data. 

The first analysis involved running a regression with the input variable of the models as 

dependent variables and quotes as independent variables. Then analyze the regression 

statistics in excel to understand the weight of each variable and the model sensitivity for each 

variable. The traditional quotes were also added to this regression, to understand if the same 

factors that drive AM, drive the cost per part of tradional manufacturing.  

The regression has been conducted following these steps: The first step was to 

perform the regression using the Data Analysis Toolpack on each of the three-selected cost 

model, then each variable of the model P-Value would be analyzed and finally this data used 

to perform a sensitivity analysis to the most relevant variables. This allowed the author to 

better understand what the most prominent variables for each model are, and identify the 

cost per unit driver used by the models.  
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SLS 

Regression Statistics 

Multiple R 0.999454111 

R Square 0.99890852 

Adjusted R 
Square 

0.497817039 

Standard Error 30.22102501 

Observations 9 

Table 38 - SLS Regression Statistics 

FDM 

Regression Statistics 

Multiple R 0.999506595 

R Square 0.999013434 

Adjusted R 
Square 

0.498026869 

Standard Error 4.831750521 

Observations 9 

Table 39 - FDM Regression Statistics 

Traditional 

Regression Statistics 

Multiple R 0.842279039 

R Square 0.709433979 

Adjusted R 
Square 

-
0.081132042 

Standard Error 110.6643736 

Observations 9 

Table 40 - Trad. Regression Statistics 
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Models Production 

Volume 

Part 

Volume 

Material 

Cost 

FDM 0.028521 3.85E-06 0.9884 

SLS 0.054828 0.00321 0.0581 

Tradi. 0.076447 0.11936 0.1489 

Table 41 - Regression Analyses Regression P-Value 

Models Production 

Volume 

Part 

Volume 

Material 

Cost 

FDM 0.01476 0.00048 2.2886 

SLS -0.0609 0.00054 17.471 

Tradi. -0.3517 0.00062 -2.192 

Table 42 - Regression Analyses Regression Coefficients 

The results of the regression, shown in Table 41 and Table 42, indicate a strong 

correlation between the results for SLS of Part volume, and a p-value just above 0.05 for 

both production volume and material cost. FDM results show a large correlation with part 

volume and production volume. These results are also confirmed by the model results, where 

cost per unit drops off sharply as volume increases, mostly seen in component with low 

component volume. Coefficient table shows for both SLS and Traditional Quotes, the 

production volume negatively correlates with per unit production costs, which is expected. 

Large coefficient for SLS in the material costs, which related to the high correlation and 
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significance of material costs as a major driver of total cost per part. Traditional Quotes show 

poor modeling results.   

Most Accurate Predictor Variable Considerations 

The regression analysis showed that the part volume, production volume and 

Material costs are the most important predictor in the 3 models analyzed. This answer can 

explain the reasoning behind the considerably high prices involved in today’s AM market, 

considering production volumes remains in total control of manufacturing service providers 

and material costs have extreme pricing surging related to how new the technology is and 

it’s relatively low demand and supply  

#  Research Questions 

Model Specific Answer 

RM2003 HD AS 

1 
What is the most effective production volume 

for each manufacturing technique 

Under 10000 units for every 

model 

2 
What is the average error of each current cost 

prediction model 

76% 13% 27% 

3 
Which variables affect the models outcome the 

most 

Prod. Volume, Material Cost, 

Part Volume 

4 
What is the most dominant factor in AM large 

production feasibility 

Machine and Material Costs 

Table 43 – Main Case Study Research Questions Answers 
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Figure 86 - Actual Data vs Model Error 

 The figure above gives a general idea of the accuracy of the models in comparison 

to the quotes received. The HD model is overall more accurate to the quoted data the other 

two. The regression analysis showed that there are few variables that make a significant 

impact on the models outcome and it’s accuracy in relation to actual costs.  
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Chapter 6 

Discussion  

Results Analysis 

The case study presented shows results confirmed by the real-world data gathered 

through the quotation aggregator system. The regression analysis shows that there is large 

correlation between the production volume of the product and the final cost per part. The 

data also showed that the other variables that the models utilize do not have a major impact, 

or a significant impact in the final cost per part. In the low production volume, were the 

machine cost depreciation is included, there is a large outlier spike of the price per part, due 

to a 1.6 million-dollar machine price divided per part at low production batches.  

The models show that volume is the largest contributor in cost per unit. Analyzing 

the data from the quoting system shows that the material and machine costs are primarily 

what affects the price per unit of additive manufactured parts. Maintaining a fixed volume, 

the three models and the real-world data gathered show that more than 90% of total per unit 

cost at higher than 10000 total units of production is relative to material costs. This is shown 

across the models and the quotes, bringing tangible evidence shows that while the machine 

and material costs are high, the main contributor in the slow adoption of AM processes in 

industrial and commercial settings is the cost prohibitive base materials used in the 

processes.  

The cost models found in academia have all been created using the information that 

was available at the moment the research was analyzed. It is fundamental to understand that 
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the technology advances at such as a high rate that cost per build volume and machine cost 

are decreasing rapidly every year. These cost models, such as the one shown previously in 

the paper, can be utilized for AM cost estimation. The more precise models in the upper 

volume spectrum, such as the RM2003 take into consideration build volume and machine 

utilization percentage, and as such give a precise estimation on cost for comparison.  

Breakeven point is defined as the intersection point between the cost of using AM 

and Traditional manufacturing per part. The case studies and models results shows us that 

increasing production volume to lower the cost per part is true for both AM and traditional. 

The RM2003 model and the AS Model results show that the breakeven point for this case 

study, when comparing high-pressure die casting to different AM manufacturing techniques, 

results in the manufacturer to select a AM process below 100 units of production and 

Traditional for anything above that.  

The HD model assumes that the build plate is nearly 100% utilized, that the machine 

produces only one type of part, and that the machine is in use 90% of the possible time. 

These assumptions make this model excellent for predicting medium to high volume 

manufacturing costs. The RM2003 model is much more detailed for lower part volumes 

because it takes into account multiple build plate utilizations. It can be deduced that below 

2000 units the RM2003 model produces more accurate results, and above two thousand units 

the Hopkinson and Dickens model produces essentially equivalent results. From the data 

research, we can make the deduction that utilizing AM manufacturing for high performance 

low volume parts provides some cost optimization. However, traditional manufacturing is 
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essential for high volume cost optimization, especially when part geometry is relatively 

simple and production volumes are high [45,49,50]. 

The comparison between the RM2003[6] model and the model presented by HD 

[13], which, although the cost per unit as predicted by Ruffo et al. [6] is higher than that 

predicted by Hopkinson and Dickens in the presented production range, it can be seen that 

if the RM2003 ad HD were scaled and the limit taken as the production volume approached 

infinity that the values outputted should approach those predicted by Hopkinson.  

 

Figure 87 – Stapler Models and Quotes Comparison 
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Figure 88 – GoPro Mount Models and Quotes Comparison 
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Figure 89 – Water Pump Mount Models and Quotes Comparison 

 The main limitations for each of the cost models presented in this the paper is a lack 

of researcher made cost evaluation using an on hands machine. The second limitation is 

limited variety of parts present in the case study and the selection of parts to be arbitral to 
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of the comparison analysis.  
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Progression of Research 

The research scope is to evaluate the current cost models and understand what drives 

the cost of AM manufacturing up. The “cost drivers” in each model have been found, which 

is the groundwork in creating a more accurate model. Isolating each variable that is shared 

across the model and analyzing the regression statistics results allowed the indication of a 

large correlation with production volume and various other factors. Excluding production 

volume, which is intrinsically a divider for total manufacturing costs by the number of parts 

made. For the two given processes, part volume and material cost remained the highest cost 

drivers, with high coefficients. These results show that while there are many factors and 

drivers in AM, for high production volume occurring in manufacturing in large scale, the 

cost drivers that make a significant change in AM cost per part, are part volume and 

ultimately material costs.  

During the case study analysis and the research phase, several limitations arise. The 

cost model proved to be fairly inaccurate to properly simulate costs when compared to 

quoted number. This is due as a results of the omission of variables from the model that can 

affect final costs, such as part orientation when position on the build bed (which can affect 

support material volume), nesting optimization of parts, function optimization of 

tolerancing, dimensioning per component and various other factors. While these factors are 

essential for a high accuracy simulation of the cost, they are not essential in understanding 

the key factors that allow the popularization of AM for large scale manufacturing. Other 

limitations that surfaced during the case study were from the quoting system sources. 

Gathering cost data from businesses is a very difficult endeavor when the business sole 
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purpose is to keep such costs data hidden from the consumer. AM service suppliers have the 

advantage of owning very expensive equipment and as such can control and dictate their 

prices with relative relation to costs.  

The limitations listed above resulted in data that could correctly be analyzed and 

related to the other evaluated model, but could possible provide new insight on which cost 

factors drive the cost per unit for AM processes. The results showed that there is significant 

correlations between input variables of the models and actual data, thus indicating that there 

are substantial cost “drivers” and variables that should be evaluated carefully and considered 

in the event that a more advanced model or AM process modeling system is created.  

The narrow scope of the study, focusing on the cost factors in the manufacturing 

process does not fully relate to total cost to the consumer or product feasibility for a 

successful business venture. The engineering side of additive manufacturing is only one 

component that allows the technology to be chosen as the next bridge to the succeeding 

manufacturing revolution. 

Conclusion 

Considering the modeling results, the regression analyses and the comparison with 

actual data, it is possible to state that the cost models are most effective at predicting using 

specific materials and machines, which is what the models were designed for. The large 

production volume shows that cost per part can be minimized, but the competitiveness with 

traditional manufacturing processes is not optimal due to very high raw material price costs. 

The cost models that utilize mostly material pricing and production volume result in poor 

accuracy performance at low volumes and high accuracy at high volumes. Actual cost data 
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showed a large correlation with material costs, and part volume, which are directly related 

to each other.  

The material prices remain the largest setback for the AM industry. While additive 

manufacturing technologies offer great advantages, currently they are cost prohibitive due 

to the great expenses in material costs, as high as 8 times the equivalent raw material, as 

shown in Figure 90. With the higher popularity of AM processes, economies of scale should 

lower the raw material price points to make AM more competitive compared to traditional 

processes. There is a lack of literature that covers the advantages in a multi-product large 

production environment where supply chain advantages are taken into consideration, and as 

such, financial considerations became less of an engineering problem and more a political 

and economic issue.  

 

Figure 90 - Raw vs AM Material Costs 
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With the current advantages of AM such as no tooling required, variable wall 

thickness, zero draft, changes in design do not require re-tooling, Complex vs simple product 

cost difference abolished, minimization of waste, geometries of structures that are not 

possible with current technology, functionality graded composition, AM future is dependent 

on material creation and financial backing or large producers of raw material to bring the 

prices down and sub sequentially bring AM competitive with traditional processes. Cost 

models that include the various variables discussed in this research and explored in the case 

study, coupled with lowering AM material and machine costs should results in a breakeven 

point moving towards the right in favor of AM being cost feasible for larger production 

volumes. 

Future Work 

The current study identified the most significant variables, and as such the major 

“cost drivers” for the AM processes analyzed.  This data can then be used to create an 

accurate model which is then tested against other existing models using multi part and multi 

component case study. Understanding the limitation of this case study is essential for 

continued research, as is understanding the restriction AM brings due to limited popularity 

and knowledge in large scale manufacturing environments. Future research should new 

variables the models are not utilizing, including the ones already used and examine many 

different combinations of material and machines for the actual data. The error between the 

case studies has been analyzed with quotes, while in the future the results should also be 

compared for accuracy with in-house testing by producing the components to assemble the 

parts and evaluate costs directly with the equipment. Thus, the recommendation is that new 
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models must be developed for products that incorporate multiple types of materials, 

machines and specifically, combinations of ferrous/nonferrous metals and polymers to 

predict how volume production will be affected. This research has identified an opportunity 

and a gap in existing AM cost prediction models that can be bridged by continuous 

refinement of existing cost model and the creations of new ones.   
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Appendix A – Models Results 

Atzeni – Water Pump     

Number 
of Parts 
Made 

Materi
al 
Costs 

Pre_proces
sing Costs 

Procces
ing 
Costs 

Post 
Process
ing 
Costs 

Total 
Cost 

Total Cost per 
assembly 

N MP AP CP BP P 
 

Impeller 
      

10 4.8661
19 

2.4 189 8 204.2661
194 

806.7496766 

100 4.8661
19 

0.24 18.9 0.8 24.80611
94 

88.90967656 

100000 4.8661
19 

0.00024 0.0189 0.0008 4.886059
401 

9.229436562 

Shaft 
      

10 0.4214
34 

2.4 189 8 199.8214
339 

 

100 0.4214
34 

0.24 18.9 0.8 20.36143
391 

 

100000 0.4214
34 

0.00024 0.0189 0.0008 0.441373
909 

 

Top Case 
      

10 2.3975
18 

2.4 189 8 201.7975
179 

 

100 2.3975
18 

0.24 18.9 0.8 22.33751
791 

 

100000 2.3975
18 

0.00024 0.0189 0.0008 2.417457
908 

 

Bottom 
Case 

      

10 1.4646
05 

2.4 189 8 200.8646
053 

 

100 1.4646
05 

0.24 18.9 0.8 21.40460
534 
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100000 1.4646
05 

0.00024 0.0189 0.0008 1.484545
344 

 

 

 

Atzeni – GoPro Mount     

Product
ion 
Volume 

Material 
Costs 

Pre_proces
sing Costs 

Procces
ing 
Costs 

Post 
Process
ing 
Costs 

Total 
Cost 

Total Cost per 
assembly 

N MP AP CP BP P 
 

Impelle
r 

      

10 0.024631
846 

2.4 189 8 199.4246
318 

598.2797439 

100 0.024631
846 

0.24 18.9 0.8 19.96463
185 

59.89974388 

100000 0.024631
846 

0.00024 0.0189 0.0008 0.044571
846 

0.49848388 

Shaft 
      

10 0.026833
575 

2.4 189 8 199.4268
336 

 

100 0.026833
575 

0.24 18.9 0.8 19.96683
357 

 

100000 0.026833
575 

0.0024 0.189 0.008 0.226233
575 

 

Top 
Case 

      

10 0.028278
46 

2.4 189 8 199.4282
785 

 

100 0.028278
46 

0.24 18.9 0.8 19.96827
846 

 

100000 0.028278
46 

0.0024 0.189 0.008 0.227678
46 

 

 



128 

 

Atzeni - Stapler     

Number 
of Parts 
Made 

Materi
al 
Costs 

Pre_proces
sing Costs 

Procces
ing 
Costs 

Post 
Process
ing 
Costs 

Total 
Cost 

Total Cost per 
assembly 

N MP AP CP BP P 
 

Base 
      

10 0.5522
9 

2.4 189 8 199.9522
9 

806.9750459 

100 0.5522
9 

0.24 18.9 0.8 20.49229
001 

89.13504586 

100000 0.5522
9 

0.00024 0.0189 0.0008 0.572230
012 

9.993185859 

Stapler-
catch 

      

10 0.7480
84 

2.4 189 8 200.1480
839 

 

100 0.7480
84 

0.24 18.9 0.8 20.68808
389 

 

10000 0.7480
84 

0.0024 0.189 0.008 0.947483
892 

 

Top 
      

10 0.6278
37 

2.4 189 8 200.0278
368 

 

100 0.6278
37 

0.24 18.9 0.8 20.56783
685 

 

10000 0.6278
37 

0.0024 0.189 0.008 0.827236
846 

 

Staple-
tray 

      

10 7.4468
35 

2.4 189 8 206.8468
351 

 

100 7.4468
35 

0.24 18.9 0.8 27.38683
511 

 

10000 7.4468
35 

0.0024 0.189 0.008 7.646235
109 
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Hopkinson - STAPLER    

Production 
Volume 

Total Per 
year 

Machin
e Cost 

Labor 
Cost 

Material 
Cost SLS 

Total Cost Total Cost per 
assembly 

N MCP LCP SLSCP P 
 

Base 
     

10 19837.5 42.4 0.5522900
1 

19880.4522
9 

79528.97505 

100 1983.75 4.24 0.5522900
1 

1988.54229 7961.335046 

100000 1.98375 0.0042
4 

0.5522900
1 

2.54028001
2 

71.00273586 

Stapler-
catch 

     

10 19837.5 42.4 0.7480838
9 

19880.6480
8 

 

100 1983.75 4.24 0.7480838
9 

1988.73808
4 

 

10000 19.8375 0.0424 0.7480838
9 

20.6279838
9 

 

Top 
     

10 19837.5 42.4 0.6278368
5 

19880.5278
4 

 

100 1983.75 4.24 0.6278368
5 

1988.61783
7 

 

10000 19.8375 0.0424 0.6278368
5 

20.5077368
5 

 

Staple-tray 
     

10 19837.5 42.4 7.4468351
1 

19887.3468
4 

 

100 1983.75 4.24 7.4468351
1 

1995.43683
5 

 

10000 19.8375 0.0424 7.4468351
1 

27.3267351
1 
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Hopkinson – GoPro Mount     

Production 
Volume 

Total Per 
year 

Machin
e Cost 

Labor 
Cost 

Material 
Cost SLS 

Total Cost Total Cost per 
assembly 

N MCP LCP SLSCP P 
 

Tripod 
Mount 

     

10 19837.5 42.4 0.0246318
5 

19879.9246
3 

59639.77974 

100 1983.75 4.24 0.0246318
5 

1988.01463
2 

5964.049744 

100000 1.98375 0.0042
4 

0.0246318
5 

2.01262184
6 

41.82753388 

Long Arm 
     

10 19837.5 42.4 0.0268335
7 

19879.9268
3 

 

100 1983.75 4.24 0.0268335
7 

1988.01683
4 

 

10000 19.8375 0.0424 0.0268335
7 

19.9067335
7 

 

Modular 
Arm 

     

10 19837.5 42.4 0.0282784
6 

19879.9282
8 

 

100 1983.75 4.24 0.0282784
6 

1988.01827
8 

 

10000 19.8375 0.0424 0.0282784
6 

19.9081784
6 
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Hopkinson – Water Pump    

Production 
Volume 

Total Per 
year 

Machine 
Cost 

Labor 
Cost 

Material 
Cost SLS 

Total Cost Total Cost per 
assembly 

V MCP LCP SLSCP P 
 

Impeller 
     

10 19837.5 42.4 4.8661194 19884.76612 79528.74968 

100 1983.75 4.24 4.8661194 1992.856119 7961.109677 

100000 1.98375 0.00424 4.8661194 6.854109401 17.10163656 

Shaft 
     

10 19837.5 42.4 0.42143391 19880.32143 
 

100 1983.75 4.24 0.42143391 1988.411434 
 

100000 1.98375 0.00424 0.42143391 2.409423909 
 

Top Case 
     

10 19837.5 42.4 2.39751791 19882.29752 
 

100 1983.75 4.24 2.39751791 1990.387518 
 

100000 1.98375 0.00424 2.39751791 4.385507908 
 

Bottom 
Case 

     

10 19837.5 42.4 1.46460534 19881.36461 
 

100 1983.75 4.24 1.46460534 1989.454605 
 

100000 1.98375 0.00424 1.46460534 3.452595344 
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Ruffo – Water Pump   

Production 
Volume Total 

Per year 

Direct Cost 
per part 

Indirect 
Cost per 
part 

Total Cost per 
part 

Total Cost per assembly 

N 
  

Cost_b 
 

Impeller 
    

10 112.563484 21099.812 21212.37548 84822.66469 

100 112.563484 2109.9812 2222.544684 8863.341488 

100000 112.563484 2.1099812 114.6734649 431.8566132 

Shaft 
    

10 30.5830123 21099.812 21130.39501 
 

100 30.5830123 2109.9812 2140.564212 
 

100000 30.5830123 2.1099812 32.69299348 
 

Top Case 
    

10 173.985334 21099.812 21273.79733 
 

100 173.985334 2109.9812 2283.966534 
 

100000 173.985334 2.1099812 176.0953156 
 

Bottom Case 
    

10 106.284858 21099.812 21206.09686 
 

100 106.284858 2109.9812 2216.266058 
 

100000 106.284858 2.1099812 108.3948393 
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Ruffo – GoPro Mount 
  

Production 
Volume Total 

Per year 

Direct Cost 
per part 

Indirect 
Cost per 
part 

Total Cost per 
part 

Total Cost per assembly 

N 
  

Cost_b 
 

Tripod Mount 
    

10 7.90011437 21099.812 21107.71211 63323.88154 

100 3.61476437 2109.9812 2113.595964 6341.533095 

100000 3.13909052 2.1099812 5.249071718 54.48064919 

Long Arm 
    

10 8.1806609 21099.812 21107.99266 
 

100 3.8953109 2109.9812 2113.876511 
 

10000 3.4239224 21.099812 24.5237344 
 

Modular Arm 
    

10 8.36476957 21099.812 21108.17677 
 

100 4.07941957 2109.9812 2114.06062 
 

10000 3.60803107 21.099812 24.70784307 
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Ruffo – Stapler   

Production 
Volume Total 

Per year 

Direct Cost 
per part 

Indirect 
Cost per 
part 

Total Cost per 
part 

Total Cost per assembly 

V 
  

Cost_b 
 

Base 
    

10 75.1348451 21099.812 21174.94685 84725.12672 

100 70.8494951 2109.9812 2180.830695 8693.152821 

100000 70.3738212 2.1099812 72.48380241 310.6415762 

Stapler-catch 
    

10 44.2523698 21099.812 21144.06437 
 

100 12.2123698 2109.9812 2122.19357 
 

10000 8.68796979 21.099812 29.78778179 
 

Top 
    

10 84.7610981 21099.812 21184.5731 
 

100 80.4757481 2109.9812 2190.456948 
 

10000 80.0043596 21.099812 101.1041716 
 

Staple-tray 
    

10 121.730408 21099.812 21221.54241 
 

100 89.6904084 2109.9812 2199.671608 
 

10000 86.1660084 21.099812 107.2658204 
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Appendix B – Raw Quotes Data 

Production Volume: 10 

Sta
per 

FDM 
   

SLS 
   

 
base staple

_catch 
top stapler

_tray 
base staple

_catch 
top staple

r_tray 
1 103.10 13.62 127.84 40.31 92.36 52.27 113.00 325.74 

2 105.96 10.25 142.41 35.87 88.05 55.50 100.47 300.30 

3 113.18 20.21 132.92 39.55 85.85 56.89 92.34 319.55 

4 119.27 11.76 123.18 47.23 98.67 53.98 117.37 323.60 

5 118.43 13.72 117.55 46.33 83.32 53.56 92.31 317.35 

Me
an 

111.99 13.91 128.78 41.86 89.65 54.44 103.10 317.31 

St 
De
v 

7.2677
55499 

3.8022
45389 

9.5035
91426 

4.8071
94608 

6.0373
83539 

1.7888
54382 

11.627
55348 

10.062
3059 

 

GoPr
o 

FDM 
  

SLS 
  

 
tripod 
mount 

long arm modular arm tripod  Long arm modular 
arm 

1 52.38 33.21 32.36 17.22 13.89 13.58 

2 52.96 33.52 34.27 17.48 12.20 13.44 

3 53.76 33.16 31.87 14.72 12.77 14.01 

4 51.37 32.31 32.19 17.11 13.98 12.42 

5 50.33 31.04 32.36 16.92 13.71 14.10 

Mea
n 

52.16 32.65 32.61 16.69 13.31 13.51 

St 
Dev 

1.3416407
86 

1.006230
59 

0.950328
89 

1.118033
989 

0.782623
792 

0.6708203
93 
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Water 
Pump 

FDM/SLS 
  

 
Impeller Shaft Top Case 

1 58.93 27.83 168.99 

2 76.28 30.24 166.69 

3 34.17 27.93 178.79 

4 46.96 31.48 180.27 

5 52.41 28.93 156.75 

Mean 53.75 29.28 170.30 

St Dev 15.5406724 1.56524758 9.6150923 

 

Production Volume: 100 

Sta
per 

FDM 
   

SLS 
   

 

base staple_
catch 

top stapler
_tray 

base staple_
catch 

top stapler
_tray 

1 120.25 14.35 127.61 54.75 82.90 47.04 105.67 302.59 

2 105.41 12.53 134.47 35.19 93.47 47.64 101.67 284.24 

3 119.45 13.25 131.54 36.82 92.31 44.26 100.65 288.16 

4 112.18 14.37 133.99 33.65 80.41 49.03 92.08 302.83 

5 114.95 15.05 130.44 48.88 87.50 49.28 102.02 319.48 

Me
an 

114.45 13.91 131.61 41.86 87.32 47.45 100.42 299.46 

St 
Dev 

6.0373
8354 

1.0062
3059 

2.7950
8497 

9.3914
8551 

5.7019
7334 

2.0124
6118 

5.0311
5295 

13.975
4249 
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GoP
ro 

FDM 
   

SLS 
  

 

tripod 
mount 

long 
arm 

modular arm tripod 
mount 

long 
arm 

modular 
arm 

1 53.48 29.98 31.32 15.55 13.52 12.91 

2 55.27 33.01 31.83 19.57 12.45 13.27 

3 52.46 34.14 33.35 17.68 14.92 13.56 

4 48.05 33.04 34.81 13.76 12.03 12.73 

5 51.54 33.08 31.74 14.73 12.07 13.33 

Mea
n 

52.16 32.65 32.61 16.26 13.00 13.16 

St 
Dev 

2.683281
57 

1.56524
758 

1.45344
419 

2.347871
38 

1.22983
739 

0.33541
02 

 

Water 
Pump 

FDM 
   

 

Impeller Shaft Top Case Bottom 
Case 

1 44.81 28.90 182.60 150.76 

2 37.79 29.63 163.41 158.17 

3 71.78 29.35 182.69 164.81 

4 69.08 31.36 185.14 149.17 

5 45.29 27.16 169.86 142.49 

Mean 53.75 29.28 176.74 153.08 

St Dev 15.5406724 1.50934588 9.5591906 8.60886171 

 

Production Volume: 100000 
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Sta
per 

FDM 
   

SLS 
   

 

base staple_
catch 

top stapler
_tray 

base staple_
catch 

top stapler
_tray 

1 99.50 16.11 146.90 46.47 92.55 38.98 99.52 283.37 

2 130.98 10.04 129.93 70.09 86.05 49.34 97.59 247.91 

3 132.01 23.48 135.20 49.04 74.92 54.00 98.73 241.83 

4 110.82 11.26 125.79 44.73 104.93 50.41 104.57 292.07 

5 123.70 13.07 148.73 12.67 95.54 48.68 119.19 286.06 

Me
an 

119.40 14.79 137.31 44.60 90.80 48.28 103.92 270.25 

St 
Dev 

13.975
4249 

5.3665
6315 

10.174
1093 

20.571
8254 

11.180
3399 

5.5901
6994 

8.9442
7191 

23.478
7138 

 

GoP
ro 

FDM 
   

SLS 
  

 

tripod 
mount 

long 
arm 

modular arm tripod 
mount 

long 
arm 

modular 
arm 

1 62.88 32.02 31.95 21.20 11.13 16.30 

2 51.70 32.71 35.31 18.60 18.58 14.49 

3 52.88 37.86 36.35 18.56 13.82 13.05 

4 54.97 41.55 36.93 15.63 7.06 13.18 

5 55.53 29.76 33.15 10.36 16.81 11.18 

Mea
n 

55.59 34.78 34.74 16.87 13.48 13.64 

St 
Dev 

4.360332
56 

4.80754
615 

2.12426
458 

4.136725
76 

4.58393
935 

1.900657
78 
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Water 
Pump 

FDM 
   

 

Impeller Shaft Top Case Bottom 
Case 

1 47.97 30.48 175.53 164.55 

2 36.66 31.53 193.48 147.12 

3 54.97 31.42 168.70 151.51 

4 75.99 27.59 180.35 170.48 

5 70.85 29.07 190.39 156.50 

Mean 57.29 30.02 181.69 158.03 

St Dev 16.2114928 1.67705098 10.2859127 9.5032889 
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Appendix C – Regression Analysis Results 

SLS      

      
SUMMARY 
OUTPUT      

      

Regression Statistics     

Multiple R 0.999454111     

R Square 0.99890852     

Adjusted R Square 0.497817039     

Standard Error 30.22102501     

Observations 9     

      

ANOVA      

  df SS MS F 
Significance 

F 

Regression 6 3343398.845 557233.1409 915.1869 0.001092 

Residual 4 3653.241411 913.3103528   

Total 10 3347052.087       

 

  
Coefficie

nts 
Standard 

Error t Stat 
P-

value 
Lower 
95% 

Upper 
95% 

Lower 
95.0% 

Upper 
95.0% 

Inter
cept 

-
178.335

8799 
67.2625

9445 

-
2.65133

8107 
0.056

902 

-
365.0

87 
8.415

021 

-
365.08

7 
8.4150

21 

N 

-
0.06096

5477 
0.02268

901 

-
2.68700

4661 
0.054

828 

-
0.123

96 
0.002

029 

-
0.1239

6 
0.0020

29 

V 
0.00054

5009 
8.63046

E-05 
6.31494

5024 
0.003

216 
0.000

305 
0.000

785 
0.0003

05 
0.0007

85 

MC 
17.4711

4432 
0.29563

5805 
59.0968

4821 
0.058
146# 

16.65
033 

18.29
196 

16.650
33 

18.291
96 
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FDM      

      
SUMMARY 
OUTPUT      

      

Regression Statistics     

Multiple R 0.999506595     

R Square 0.999013434     

Adjusted R Square 0.498026869     

Standard Error 4.831750521     

Observations 9     

      

ANOVA      

  df SS MS F 
Significance 

F 

Regression 6 94561.48997 15760.24833 1012.617 0.000987 

Residual 4 93.38325237 23.34581309   

Total 10 94654.87322       

 

  
Coeffici

ents 
Standard 

Error t Stat 
P-

value 
Lower 
95% 

Upper 
95% 

Lower 
95.0% 

Upper 
95.0% 

Interc
ept 

96.0789
9783 

12.02660
415 

7.98887
1726 

0.001
331 

62.687
79 

129.47
02 

62.6877
9 

129.470
2 

N 
0.01476

9667 
0.004406

494 
3.35179

5598 
0.028

521 
0.0025

35 
0.0270

04 
0.00253

5 
0.02700

4 

V 
0.00048

9367 
1.3889E-

05 
35.2340

9044 
3.87E

-06 
0.0004

51 
0.0005

28 
0.00045

1 
0.00052

8 

MC 
2.28862

2342 
0.050631

918 
45.2011

7826 
0.988

488 
2.1480

46 
2.4291

99 
2.14804

6 
2.42919

9 
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Trad.      

      
SUMMARY 
OUTPUT      

      

Regression Statistics     

Multiple R 0.842279039     

R Square 0.709433979     

Adjusted R Square 
-

0.081132042     

Standard Error 110.6643736     

Observations 9     

      

ANOVA      

  df SS MS F 
Significance 

F 

Regression 6 119603.2031 19933.86718 2.441559 0.318818 

Residual 4 48986.41436 12246.60359   

Total 10 168589.6174       

 

  
Coefficie

nts 
Standard 

Error t Stat 
P-

value 
Lower 
95% 

Upper 
95% 

Lower 
95.0% 

Upper 
95.0% 

Inter
cept 

-
420.845

4492 
349.340

1332 

-
1.20468

6806 
0.294

726 

-
1390.7

7 
549.07

83 

-
1390.7

7 
549.07

83 

N 

-
0.35173

6196 
0.14813

1591 

-
2.37448

4696 
0.076

447 

-
0.7630

2 
0.0595

43 

-
0.7630

2 
0.0595

43 

V 
0.00062

1973 
0.00031

5451 
1.97169

7834 
0.119

936 

-
0.0002

5 
0.0014

98 

-
0.0002

5 
0.0014

98 

MC 

-
2.19230

6496 
1.46663

9607 

-
1.49478

2008 
0.148

79# 

-
6.2643

5 
1.8797

38 

-
6.2643

5 
1.8797

38 
 


