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Abstract 

 
Additive Manufacturing (AM), colloquially known as 3-D Printing, refers to a set of emerging technologies that 
offer unique capabilities that conventional manufacturing methods cannot provide, such as the ability to produce 
arbitrarily complex geometries without expensive customized tooling. However, this design freedom is countered by 
build envelope (size) and production rate (speed) constraints characteristic of most commercially available AM 
equipment. This limits AM applications to small subcomponents in low-volume, high-value industries. While some 
concepts exist for manufacture of more complex products (e.g., “3-D printed car”), most functionality of such 
products (e.g., engine) is still produced using traditional manufacturing technologies. So how can the cost and 
efficiency benefits of AM be realized in developing complex products?  Due to the capabilities and constraints of 
AM, the architecture of these products is likely to be vastly different from equivalent products designed for 
traditional manufacturing. This paper presents an approach for architecting complex additively manufactured 
products using the design structure matrix (DSM), a methodology that is capable of mapping out components and 
interfaces at the system level. By building and manipulating a DSM of a proof-of-concept product, various 
architectures are explored taking into account size and structural constraints of additively manufactured components 
and interfaces. 
 
Keywords 
additive manufacturing; 3-D printing; product architecture; modularity; design structure matrix 
 
1. Introduction 
In the past decade, additive manufacturing (AM), colloquially known as 3-D Printing, has skyrocketed into the 
public eye as an advanced manufacturing method capable of fabricating products that cannot be produced using 
traditional manufacturing processes. For example, this set of techniques has been used to produce highly customized 
products, such as biomedical and dental implants, and specialty lightweight aircraft parts. Current AM technologies, 
however, are still constrained by relatively small build envelopes and slow production rates that cannot meet the 
high demands of mass production and mass markets.  
 
Although certain larger systems have gained some publicity, the advances are misleading. The first “3-D printed 
car” [1], for example, was actually composed mostly of traditionally manufactured parts, and only certain panels and 
small specialty parts were produced using AM techniques. In 2014, Local Motors took the concept a step further 
with the production of a fully additively manufactured automobile body. Although this proof-of-concept electric car, 
known as the Strati, is a notable achievement, more research is needed to develop techniques capable of additively 
manufacturing an entire car. One of the limitations of the Strati is that it has a maximum speed of only 40 miles per 
hour [2]. For this reason, the car is not suitable for highway driving and thus is not required to meet highway safety 
standards. Furthermore, additive manufacturing was used to produce only the external body of the Strati. The 
vendor-sourced mechanical and electrical parts (e.g., motor, suspension, battery) were manufactured and assembled 
using traditional manufacturing methods [2]. Production of the Strati required 44 hours of printing followed by three 
days of milling and assembly before it was ready for demonstration [3]. These types of production rates will need to 
be improved significantly to meet the needs of mass production in the automobile industry. 
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Despite the advances made in the development of the Strati, the slow production rate of current AM technologies 
render even this partially 3-D printed car a specialized custom product rather than a fully functional automobile. If 
individual components of such complex 3-D printed products could be designed to facilitate manufacturability and 
ease of assembly, these components could be produced in parallel using AM machines with smaller build envelopes 
and higher production rates. Although new technologies like those used in the production of the Strati are important, 
they represent only a small portion of the capabilities needed for a future that includes additive manufacturing in the 
mainstream. Fully realizing the benefits of this type of production technology in the manufacture of complex 
products requires a new way of thinking about how additive manufacturing is done.  
 
The goal of this paper is to present a nascent research program focused on design for printability, an approach to 
architecting complex products that takes into account the unique production restrictions of additive manufacturing. 
By designing complex products made up of components that are appropriately sized to ensure the fastest possible 
production within the required build envelope, this approach has the potential to eventually revolutionize the way 
complex products are designed and manufactured. 
 
2. Opportunities and Challenges of Additive Manufacturing 
 
2.1 Typical Products of Additive Manufacturing 
The American Society for Testing and Materials (ASTM International) has recently coined a formal definition for 
AM as “the process of joining materials to make objects from 3-D model data, usually layer upon layer, as opposed 
to subtractive manufacturing methodologies” [4]. There are many existing commercial AM technologies that 
employ significantly different techniques to achieve this task [5], and ASTM has also issued a standard in 2012 that 
categorizes all AM technologies into seven distinct categories [4]. The one aspect that is common across all these 
categories is the fact that the physical part is produced by selectively “adding” material where it is needed instead of 
“removing” material where it is not needed, like milling processes do, for example. Furthermore, this is done 
without the need for any part-specific tooling.  
 
AM has been viewed from profoundly different angles: from a tool that do-it-yourself enthusiasts can use to boost 
their creativity and produce innovative parts made of polymers; to a transformative technology that a leading 
manufacturer like General Electric Aviation can use to “print” fuel nozzles from next-generation materials for 
passenger jet engines; to a case study demonstrating a functioning 3-D printed violin. A wide portfolio of products 
has been successfully produced using different AM technologies, both on the proof-of-concept and the commercial 
levels. According to the Wohlers Report [1], the de facto annual report on the state of the industry in AM, the 
industrial sectors that make the most use of AM are consumer products and electronics, motor vehicles, dental and 
medical, and aerospace, respectively, as shown in Figure 1. 

 
Note in the figure that the industrial/business machines category refers to the sector that includes OEMs (original 
equipment manufacturers) of AM systems. Each of the four sectors mentioned above leverages one or more of the 

 
 

Figure 1: Breakdown of industry sectors utilizing AM by revenue in 2014 [1]. 
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unique capabilities offered by AM. The consumer products sector makes use of the ability to rapidly produce 
prototypes without the need for having time-consuming custom tooling. This serves to enable rapid design iterations 
and accelerates the product development cycle for products like mobile phone cases, kitchen appliances, and home 
electronics, among others. Motor vehicle production utilizes the ability to produce complex features such as internal 
channels. This is particularly useful for producing conformal cooling channels in tooling needed to produce auto 
parts, such as injection molding dies [6]. The biomedical and dental sectors benefit greatly from the mass 
customization capability of AM. Custom-made orthopedic implants [7] and dental prosthetic devices [8] can be 
readily and rapidly produced for each patient using solid models from X-Ray or CT Scans. To date, 20 AM medical 
implants have gained clearance from the Food and Drug Association (FDA), and 19,000 metal copings for 
producing crowns and bridges are being produced everyday on AM equipment [1]. The aerospace sector has been 
one of the earliest adopters of AM. Boeing has been using polymer AM parts in ducts and other parts on their 
commercial and military aircrafts [9]. The fact that material is being “added” in AM rather than being “removed” 
contributes to material savings, which decreases the buy-to-fly ratio (the ratio between the amount of raw material 
input and the amount of material in the final aircraft component). This is beneficial in the aerospace sector when 
using expensive materials such as titanium alloys. Furthermore, it has direct impact on improving fuel efficiency and 
reducing greenhouse gas (GHG) emissions. 
 
2.2 Constraints to Additive Manufacturing 
Despite the attractive features of AM, there are still major obstacles that still in the way of its entry into mainstream 
production. Some dedicated research roadmaps have been published to identify those obstacles and highlight the 
research needed to overcome them (see, for example, [10-11]). We summarize the key challenges as follows: 
 
1. Size: The build envelope is still relatively small, especially for metal AM systems. This challenge is quickly 

being overcome by the tremendous advances in AM machines and systems. Until 2013, the largest metal AM 
system had a build envelope of 9.8 × 9.8 × 11 inches. Just in 2014, Concept Laser, a German OEM, unveiled a 
powder bed fusion metal AM system that has a build envelope of 23.6 × 15.7 × 19.7 inches. Polymer AM 
systems are less confined by build envelopes, and there exist systems with build envelopes of up to 59 × 30 × 
22 inches. Nevertheless, build envelopes still make such visions as manufacturing a fully functional “3-D 
printed” car or an airplane far from reality, which necessitates an approach like the one described in this paper. 
 

2. Speed: The material deposition rates of AM processes are exceedingly slow, making it difficult to keep up with 
the high demand of mass production. For example, in the automobile industry, the use of AM remains limited to 
prototyping for accelerated product development and tooling fabrication. For this reason, AM is still geared 
toward low-volume, high-value industries such as the aerospace and biomedical industries. 
  

3. Materials: Although the range of materials available for AM has been growing lately due to some recent 
advances, AM is an emerging technology and thus is still limited in the range of materials available to be used. 
There is a significant need for public material standards and specifications databases on which manufacturers 
can consistently rely [11].  
 

4. Quality: Quality is considered to be the “Achilles Heel” of AM that is hampering its widespread adoption as a 
viable manufacturing method [10-12]. AM metal parts are characterized by low repeatability and poor surface 
roughness. This is primarily due to the lack of full understanding of the extremely complex physical 
transformations that occur during fabrication (such as melting of metal powder using a laser beam). Thus, 
significant research is needed to reduce the variability in AM parts to overcome this challenge. 

 
Given these challenges, a rigorous approach is needed to formalize the definition of components and interfaces in 
complex products, i.e., product architectures. The next section describes an approach that could become the 
foundation of an emerging research program focused on the design of complex products for additive manufacturing. 
The goal of this approach is to enable the systematic exploration of potential product architectures such that a 
product’s components can be produced within the build envelope of available AM systems and that they are sized 
appropriately to enable parallel processing to increase the speed of production for the overall system. In addition, the 
approach will help to ensure that each component is made from the most suitable material and is of the highest 
possible quality given existing constraints. While this approach cannot directly address the above key challenges in 
isolation, it will provide a holistic, system-level view of product architectures that will facilitate the best possible 
designs given the state-of-the-art in AM. 
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3. Product Architecture 
As explained above, the constraints of additive manufacturing necessarily places limitations on the types of 
components that can be manufactured using AM. These limitations lead to specific requirements for the nature of 
components and how they are then assembled. Product architecture is “the scheme by which the functional elements 
of the product are arranged into physical chunks and by which the chunks interact” [13]. In traditional 
manufacturing, the product architecture is often determined by a variety of technical and business considerations, 
and this general fact is not expected to be different for additively manufactured complex products. What is expected 
to be different, however, is the nature of the specific technical considerations that drive the design. To provide the 
appropriate background, this section introduces the concept of product architecture, describes a matrix-based method 
for representing and analyzing product architectures, and discusses the role of product architecture in the design of 
additively manufactured complex products.  
 
3.1 The Importance of Product Architecture 
Product architecture can be characterized according to three aspects of the design: (1) the arrangement of functional 
elements; (2) the mapping from functional elements to physical components; (3) the specification of the interfaces 
among interacting physical components” [14]. The functional elements comprise what the product does while their 
mapping to physical components is the choice among one-to-one, one-to-many, and many-to-one relationships of 
functions to components. Interfaces are the points that facilitate the connection of those components into the full 
product. Interfaces can be physical connections, but they can also take the form of information connections such as 
via software instructions or electromagnetic signals. 
 
The choice of product architecture often depends on the priorities of the organization and/or its customers. Integral 
architectures are necessarily more efficient, but that efficiency comes with a tradeoff in flexibility. Modular 
architectures, on the other hand, are highly flexible due to the ability to readily switch parts within the product, but 
this flexibility often comes with a price in reliability [15]. Thus, integral architectures tend to perform better 
technically while modular architectures generally are better suited for business performance [15]. In support of this 
conclusion, Hölttä-Otto and de Weck showed that designs “driven by weight, size, or other performance constraints, 
often exhibit rather integral architectures” and that those focused on cost and other business-related objectives often 
have more modular architectures [16]. Indeed, the choice of architecture has important implications for various 
attributes of the product and the associated process, including ease of product change, product variety, component 
standardization, product performance, manufacturability, and product development management [13]. Many studies 
have also shown that product architecture often corresponds to the structure of the organization that develops the 
product [17]. Others have even argued that the structure of an entire industry can be fundamentally shaped by 
product architecture [18]. 
 
Product architectures are generally characterized according to the degree of modularity versus integrality in the 
product design. Colloquially, modularity refers to the extent to which the product can be readily broken down into 
“chunks” [19]. Integrality, on the other hand, is the inverse of modularity. Thus, a highly integral product is one that 
cannot be easily broken down into separate pieces each performing some identifiable function. In reality, of course, 
most products are not strictly modular or integral but rather are characterized by a certain level of modularity. For 
this reason, many researchers have explored methods for quantifying the degree of modularity in product 
architectures. Reviews and evaluations of several measures of modularity that have been proposed can be found in 
the literature [see 20-21]. Many of these metrics are based on computing characteristics of network- and matrix-
based representations of product architectures. One such representation that has been shown to be useful in assessing 
product architectures is described in the next section. 
 
3.2 Assessing Product Architecture Using the Design Structure Matrix 
The design structure matrix (DSM) is a network-based approach for representing an entire system, product, or 
process by aggregating individual interactions among entities [22]. In general, a DSM can be built as one of three 
general types: product architecture (component-based), organization architecture (people- or team-based), and 
process architecture (activity- or parameter-based). In addition, a DSM representation showing interactions across 
the other types can be created in a format called a multidomain matrix (MDM) [23]. The basic difference among the 
DSM types is the nature of the dependencies, which has important implications for the analysis procedures used and 
for the insights that can be gained about the systems that they represent.  
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The DSM is essentially an N2 diagram, but it is structured in such a way as to facilitate system-level analysis and 
process improvement. Each row and corresponding column in the matrix represents a single task or component, and 
the cells of the matrix indicate dependencies in the system. For this reason, the DSM is also known as the 
dependency structure matrix. If the element in row i of the matrix depends on the element in column j, a mark is 
placed in cell i,j [24]. If the type or extent of the dependency is important, a specific kind of mark or a number might 
be used. Otherwise, a “1” or an “X” is sufficient to denote a dependency in the process. If elements i and j depend 
directly on each other, a mark is placed in both cells i,j and j,i, indicating that the two elements are interdependent. 
An example of a product architecture, or component-based, DSM is shown in Figure 2. 
 
The DSM has been used to map the architectures of a variety of complex products and processes, including 
automobile parts [23-25], semiconductors [24], landline and cellular telephones [16], desktop and laptop computers 
[16], and aerospace systems [23,26]. The approach has also been used to study the relationships between technical 
products/processes and interactions within and across teams [24,27-29]. As will be discussed later in this paper, 
these types of relationships will need to be considered in the future if organizations that develop and manufacture 
complex products begin to restructure those products for additive manufacturing. The next subsection introduces the 
types of DSM-based analyses that can be used to determine how that restructuring might be done. 
 
3.3 Using the DSM to Support Additive Manufacturing 
Because of its emphasis on analyzing the structure of interactions among system components from a top-down 
holistic perspective, the design structure matrix is a particularly useful tool for considering alternative product 
architectures based on external technical and/or managerial constraints such as those imposed by the current state-
of-the-art in additive manufacturing. The DSM comes with a toolbox of analysis procedures that can be used to 
extract new systems-level insights and contribute to process improvement. Typically, this toolbox consists of three 
analysis procedures called partitioning, tearing, and clustering. The first two of these techniques can optimize the 
design process in a task- or parameter-based DSM whereas the last is generally used to determine logical groupings 
of entities in a component-based DSM [30]. Because the present research involves component-based product 
architectures, the first step in analyzing the DSM will be a clustering analysis. 
 
In practice, the term clustering refers to a broad category of algorithms that use different but related techniques to 
divide a DSM into groups of entities that are tightly connected internally and more sparsely connected externally. In 
general, clustering is done using mathematical optimization techniques where the objective function to be 
maximized is a metric of modularity. When applied to specific product architectures, however, this pure 
optimization needs to be modified to account for the constraints of the particular product being designed. Thus, the 

 
 

Figure 2: Product architecture DSM, adapted from [21]. 
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analysis of complex products for additive manufacturing will mean not simply optimizing a clustering algorithm but 
rather defining the clusters (blocks along the diagonal of the DSM) that represent physical subassemblies according 
to the build envelope and production speed constraints that are characteristic of AM. 
 
Redefining the architecture in this way will involve the articulation of tailored sets of principles for how components 
and interfaces are designed. Baldwin and Clark call these principles design rules [18]. In the DSM, these design 
rules are represented as additional rows and columns that define the interfaces needed to accommodate AM-related 
constraints. Figure 3 shows an example consisting of two DSM representations of a laptop computer that 
demonstrate how Baldwin and Clark insert design rules into a DSM to facilitate modularization [31]. In the figure, a 
modular architecture (on the right) is characterized by a lack of markings outside of the diagonal blocks except 
within the newly created rows and columns corresponding to system integration according to the design rules.  
 
Recall that, in general, one of the main goals of modularizing a product’s architecture is to increase flexibility 
despite some additional upfront costs and a potential loss of reliability [15]. In this case, however, the goal of 
modularizing is to facilitate AM, which can provide additional benefits that could offset the costs of designing for 
modularity while still providing the benefits that modularity brings in terms of flexibility. These additional benefits 
include accelerated product development cycles, increased sustainability due to material savings, and, above all, 
significant cost and time savings through the implementation of a “tool-less” manufacturing method. The next 
section presents a plan for a nascent research program that will involve analyzing product architectures to facilitate 
AM using the DSM methodology and then actually creating prototypes of proof-of-concept products using additive 
manufacturing equipment. 
 
4. Research Approach 
The primary goal of this paper is to describe the foundational work that forms the basis of an emerging research 
program on design for printability – an approach to additive manufacturing focused not only on locally optimizing 
production processes for specific parts but also on improving the system-wide design of complex products within 
known constraints of AM technologies. The research to do this will involve an iterative approach of design, 
fabrication, and testing. Before this work begins, however, the first step will be to identify an appropriate proof-of-
concept product that will serve as the focal point of the research. The proof-of-concept product will need to be 
sufficiently complex to require analysis of a non-trivial set of possible architectures yet simple enough to facilitate 
the production and integration of multiple prototypes over the course of the project. In addition, the product will 
need to include physical and/or electrical mechanisms that introduce some – but not too much – complexity into the 
product designs for this initial investigation. Currently, some possible proof-of-concept products under 

 
 

Figure 3: Modularizing a product architecture by inserting design rules into the DSM to define interfaces, 
adapted from [31]. 
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consideration, in rough order of increasing complexity, include stool housing, assembly jigs, computer keyboards, 
cellular telephones, injection molding dies, and automobile transmissions. 
 
After the proof-of-concept product has been selected, we will obtain one or more instances of the product and 
subject it to a teardown analysis. Based on this analysis, we will then construct an initial baseline DSM representing 
the architecture of the traditionally manufactured product. Starting with that baseline, the research will proceed 
according to the following iterative steps: 
 

1. Analyze and modify the DSM using clustering and modularization algorithms subject to the constraints of 
the build envelope and production speed of our AM system, the ProX 100 by 3D Systems. This system 
produces parts layer by layer via selectively melting metal powder using a high-energy laser beam in a  4 × 
4 × 3.9 inch build envelope. Figure 4 depicts an external shot of the ProX 100 (left) and the build chamber 
housing the build envelope (right).  

2. Test the ability to produce the resulting components and interfaces using AM through analysis of the build 
envelope required for each module, material needs, quality requirements, ability to produce workable 
interfaces, and the overall speed of production as compared to traditional approaches. 

3. Compare the cost of traditional manufacturing to that of AM using the hypothesized architecture. 
4. If the selected architecture is feasible, begin production of components and interfaces on the AM system 

(and return to step 1 if it is not feasible). Although the components of an eventual realized system in full 
production would be manufactured in parallel, production in this research will be done sequentially with 
only one to two AM systems. The processes will be timed to ensure accurate analysis of possible 
parallelization in full-scale production.  

5. Assemble the components into a full AM-produced prototype and verify basic usability. 
6. Based on problems with components and interfaces that are uncovered during the verification process, 

record necessary changes to the product architecture. Create a new DSM based on the modified 
architecture. 

7. Iterate steps 1-6 until the capacity of the available AM production technology is reached. Specify the 
architecture of the final product, and describe the cost and performance of the AM prototype compared to 
the original traditionally manufactured product. 

8. Repeat steps 1-7 for multiple proof-of-concept products pending available resources. 

 
 

Figure 4: ProX 100 metal AM system (left) and snapshot of the build chamber (right). 
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The iterative method described in steps 7 and 8 comprise an essential part of the research approach.  Like any 
modeling tool, the DSM provides only a representation of the actual system. Although the DSM is, in principle, 
capable of mapping specific elements of the design by including the strength and/or type of each dependency in the 
matrix, this level of granularity and the accompanying mathematical precision in the optimization algorithm is not 
necessary or even helpful for the present research. The approach to optimizing product design for additive 
manufacturing will be a function of the limitations of the particular equipment being used and of the specific product 
being developed. Thus, an idealized mathematical optimization based on the topology of the DSM-equivalent 
network alone will not yield the best solution. The precision in the solution here comes not from the rigor of the 
mathematical formalism but instead from experimental analysis of plausible product architectures given the 
constraints of particular equipment, material, and product geometries, which will necessarily vary across different 
real-world products. Each successive prototype will lead to a more accurate DSM representation, which, in turn, will 
provide the basis for more refined analysis and identification of further opportunities to improve the design in the 
next iteration. Finally, based on the results of this experimental approach applied to one or more proof-of-concept 
products, we will attempt to formalize some generalizable principles for architecting complex products to optimally 
leverage current AM state-of-the-art and to enable the development of larger-scale production capacity for 
additively manufactured complex products. 
 
5. Conclusions and Future Directions 
 
5.1 Technical Challenges of Additive Manufacturing for Complex Products 
The emerging research program described in this paper has the potential to revolutionize the way that we think about 
the manufacturing sector and the role of AM within that sector. Still, even when completed, this research will merely 
scratch the surface of the system-level issues that need to be considered when designing more and more complex 
products and systems for additive manufacturing. Consider, for example, the “3-D printed car” discussed at the 
beginning of this paper. While the present research will provide a means for producing significant portions of such a 
car using additive manufacturing, it still will not address the more sophisticated dynamic processes that take place in 
an operating automobile. Developing an internal combustion engine for AM-based production that is capable of the 
same levels of performance as currently existing automobiles will require a larger-scale and longer-term effort than 
the current research promises. 
 
Beyond performance considerations for additively manufactured products, it is not yet known whether fully AM-
produced systems of this complexity are widely feasible. While the approach might work for many complex 
products, other products may contain specific components that cannot be produced using additive manufacturing at 
lower cost and higher quality than using traditional manufacturing techniques. In still other cases, it might be 
technically possible to develop and produce all parts using additive manufacturing, but the AM technology might 
not be sufficiently developed to process the particular type of material required for certain components. Similarly, 
the particular manufacturing processes used might result in slower production if all parts of the product are 
additively manufactured, which could require a level of parallel processing – and thus a number of separate 
machines – that cannot be supported by some companies. For these reasons, it may be more appropriate to think in 
terms of hybrid architectures composed of both traditionally and additively manufactured components. Further 
research will be needed to determine the true physical constraints and the relative benefits of additive manufacturing.  
Moreover, the solutions to these technical problems will necessarily introduce a complementary set of engineering 
management challenges that will also need to be addressed. These challenges are addressed in the next subsection. 
 
5.2 Implications of Large-Scale Adoption of Additive Manufacturing for Engineering Management 
The prospect of designing complex products for additive manufacturing can present a variety of engineering 
management challenges. The specialized processes and capital-intensive equipment for additive manufacturing 
could require some companies that have traditionally been organized by functional category or by product line to 
instead consider an orientation according to process (i.e., type of AM equipment and/or material used). Because 
some AM equipment will be rather capital intensive and usable for several different products, business leaders will 
need to carefully consider the overall return that is expected from investing in these types of production techniques. 
For many manufacturers, it is likely that they will need a compelling business case for implementing AM across an 
array of different products before the investment becomes economically feasible. Furthermore, adoption of such a 
fundamentally different approach to manufacturing could mean extensive changes to a company’s organizational 
structure to ensure responsible management of AM-related resources. These changes are likely to involve more than 
simply redrawing organization charts because they will entail, in many instances, entirely new sets of expertise and a 
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new way of working. Factory workers with traditional shop floor skills might find it difficult to adjust to the new 
style of work, and organizations could encounter significant challenges in training people in AM production 
techniques or in hiring people that already have those skills. Thus, to ensure sustained results, it might prove 
necessary for many companies to commit to large-scale organizational change programs [32-33].   
 
More broadly, a move toward additive manufacturing for complex products on a large scale could have significant 
implications for entire industries. For example, if automobile manufacturers move from sheet metal and machined 
parts to powder-based AM systems, it could disrupt the end-to-end supply chain as critical suppliers alter their 
business models to support this change. Furthermore, research has shown that choices in product architecture can 
affect not only organization structure but also the structure of entire industries. When IBM modularized the 
architecture of its mainframe computer systems, it triggered a sequence of events in the next few decades that 
culminated in a shift of the industry from vertical to horizontal integration [18]. If major players in important 
industries, such as aerospace and automobile manufacturing, make architectural changes to facilitate additively 
manufactured components on a large scale, the potential impact on those industries and perhaps even on the entire 
economy will need to be considered. For these reasons, the emerging research presented in this paper encompasses 
only one small part of the potential broader socio-technical impact of additive manufacturing in the 21st century. 
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