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Abstract 
To amount to a new industrial revolution, the technological changes brought by additive 
manufacturing must go side by side with new operations management practices. What will these 
practices be, that fully reap the gains from additive manufacturing? The case study of a firm 
adopting this technology offers some preliminary answers. 
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Introduction 
 
Additive manufacturing (AM) is the process of joining materials in successive layers to make 
objects from 3D model data. This technique differs from many traditional manufacturing 
methods that are either subtractive (whereby products are formed by removing material from a 
larger block using techniques such as milling, drilling, and other acts of abrasion), or formative 
(where moulds and dies are used to form the material into desired shape) (Eyers et al. 2013). 

Additive manufacturing was born as a rapid prototyping technology in the 1980s. Since 
then, it has allowed designers to produce accurate prototypes directly from CAD models in few 
hours with little need for human intervention. The benefits of this technology on new product 
development performance have been radical, in terms of shortened time to market and reduced 
development costs. Recently, AM has been increasingly used to produce end-use parts and 
finished products for utilization by end-users (sometimes referred to as Rapid Manufacturing), 
thus making the jump from prototyping-only technology to full fledged manufacturing. This 
latter use is still a minority, 28% of the total market of 3D printing according to Wohler 
Associates (The Economist 2012). Current manufacturing applications of AM technologies 
include medical devices such as dental crowns and hearing aids; consumer products, including 
high value lighting goods and electronics; aerospace components characterized by improved 
strength-to-weight ratios, other defense applications; automotive spare parts; jewelry and 
clothing. As the performance of AM will radically increase in the future, it is predicted that the 
use of AM for the direct manufacturing of end products will rise to over 50% by 2016 and to 
more than 80% by 2020 (The Economist 2012). It is indeed the adoption of AM machines in the 
manufacturing shop floor that holds the potential for a disruptive impact across many industries. 
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Because of its unique capabilities, many experts have hailed additive manufacturing, the 
official name for 3D printing, as the third industrial revolution (D’Aveni 2013). Whereas 
additive manufacturing has received a lot of attention in business press, magazines and media, 
scientific literature on this new manufacturing technology is still very limited. Most 
contributions have an anecdotal nature and are in the field of design and engineering. The few 
scholarly works in operations management research list and discuss the performance benefits that 
can be achieved by using AM technology (Eyers et al. 2012; Mellor et al. 2013). 

This paper adopts a complementary perspective: it aims to identify the managerial 
practices that allow making the best use of additive manufacturing and fully reaping its benefits. 
The rationale is that, to amount to a new industrial revolution, technological changes should go 
side by side with managerial changes. As in the early 20th century Scientific Management and 
Fordism techniques, e.g., standardization, use of interchangeable parts, long thin process 
arrangements, were the managerial complements to the moving assembly line. One century later 
what practices will make up the management paradigm that supports the productivity 
improvements enabled by additive manufacturing? This paper offers a first exploratory answer to 
this fundamental question. Many authors have urged that new technologies challenge established 
norms and strategic options (Mellor et al. 2013, Saberi et al. 2010). It is likely that companies 
that adopt AM without first re-designing processes and organizational structures will not achieve 
desired benefits with their existing practices acting as inhibitors. As additive manufacturing will 
revolutionize the industrial world, a new AM-enabled management paradigm is likely to emerge, 
where, e.g., standardization will give way to unconstrained customization, or where the customer 
has a key active role also in traditionally back office processes, such as production, and so on. 
This paper is a first attempt to contribute to the development of this management paradigm.  

In order to achieve this goal, the next section describes the research method used. Then, 
the empirical results are reported and discussed according to a conceptual framework developed 
in this study. The final section draws some conclusions and outlines avenues for future research. 
 
Methodology 
 
In the light of the research question and of the early state of extant theoretical knowledge, the 
article adopts a theory building approach. Wacker (1998) reports that the purpose of theory 
building research is to “build an integrated body of knowledge to be applied to many instances 
by explaining who, what and when and why certain phenomena will occur”, extending “the 
domain of the theory” and using “the literature as a guideline to decide which relationships are 
important for investigation”. The theory building approach was pursued both deductively and 
inductively, i.e. through a comprehensive review of scientific literature in the fields of 
manufacturing engineering and management and through a single case study of a leading 
multinational company in the industrial and commercial machinery sector (the real name of the 
company has been omitted for confidentiality reasons), respectively.  

As regards the literature, extant research in operations and innovation management was 
used as a guideline to decide which concepts and relationships are important for investigation. 
As regards the empirical basis, the case study allowed studying a complex phenomenon under 
particularly insightful circumstances, pointing to the presence of recurring patterns between 
variables and events and so serving as a basis to develop theory inductively. Although this 
method has important limitations in terms of reliability and validity, the use of rich qualitative 
data related to the case as a basis to develop theory inductively is of fundamental importance 
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especially in the light of the newness of AM as a operations management research stream (Yin 
2003). Empirical information gathered through semi-structured interviews with five employees, 
spanning the hierarchy from director of manufacturing and supply chain, to innovation manager, 
technology specialist and machine operator. Interviews lasted on average 1.5 hours, and were 
based on a comprehensive and flexible interview protocol that was developed starting from the 
literature review. This was motivated by the exploratory nature of this research and the authors’ 
interest in developing new ideas and concepts. Data gathered from the interviews were integrated 
and supported by internal documents (publications, reports and charts) as well as observations 
made by the authors at the production site of the company. The key output of this research 
method, i.e. a conceptual framework for the management of AM, is discussed in the next section. 
 
Conceptual framework 
 
By combining findings from existing relevant literature and empirical evidence from a single 
case study, the study develops a conceptual framework that preliminarily attempts to answer the 
following research question: “what practices are needed to support the improvements enabled by 
AM?”. The conceptual framework shown in figure 1 encompasses three major building blocks: 
the distinguishing features of AM technology; the dimensions of operational performance, which 
according to Slack et al. (2011) can be classified into quality, speed/dependability, flexibility and 
costs; the managerial practices that make up an AM-enabled management paradigm.  

 
Figure 1 – Conceptual framework for the management of additive manufacturing 

 
Moreover, the conceptual framework unearths and logically develops the relationships that link 
the key building blocks above identified. The rationale is that the distinguishing features of AM 
technology have the potential to influence operational performance along its different 
dimensions. However, they do not explain performance by themselves, because appropriate 
managerial practices are needed to make the best use of additive manufacturing and maximize its 
benefits on performance. Differently put, we posit that the relationship between technological 
features and performance is positively moderated, e.g., strengthened by the adoption of 
managerial practices that are consistent with AM’s characteristics and its influence on 
performance. This accounts for the fact that a firm may have implemented AM machines in its 
processes, yet it fails to benefit from these investments because the existing innovation and 
operations management system in use prevents it from taking full advantage of the AM potential. 

According to our framework and in line with the focus of this study, while the underlying 
sources of productivity improvements are the unique characteristics of AM technology, it is the 
effective development and implementation of consistent managerial practices that enables to 
extract higher value from the adoption of AM. 
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Empirical results and discussion 
 
In this section, using the information gathered from literature and from the case study, the 
building blocks of the theoretical framework and their relationships are illustrated and discussed. 
 
Distinguishing features of AM technology 
First, the study highlights the key distinguishing features of additive manufacturing technology:  
• High automation reducing labor requirements. AM automates the creation of prototypes and 

of end-use parts. While the degree of automation of AM is similar to that of traditional 
manufacturing technology, e.g., formative and subtractive, used in mass production 
processes, AM strongly reduces the need for human intervention in the fabrication of 
products in jobbing processes, thus differentiating itself from the largely manual technology 
and hand crafting techniques typically employed in these low volume and high variety 
processes. Indeed, AM was first developed to substitute hand work and existing prototyping 
techniques that heavily relied on the skills of model makers modeling prototypes from clay or 
blocks of wood. AM machines can run unattended for extended periods of time, and the 
human involvement is limited to loading and unloading of machines. 

• Part consolidation. AM machines can print items in one piece in one-go, as a complete part 
that requires no assembly. In the case study, the company is using laser sintering technology 
to manufacture a complex component of its machines in one single run, rather than build it 
together from four elements as done in the past. Extant research shows that AM machines 
can also make mechanical objects with moving parts that do not have to be assembled. 

• AM has no or little economies of scale, compared to most conventional methods of 
manufacturing (Berman 2012). Whereas injection molding and cutting-based machinery 
show the typical economies of scale, with unit costs decreasing as the production volume 
increases, in AM the variable costs per part do not reduce with large production runs: 
printing the first unit costs the same as printing the last. Because of the lack of volume 
discounts, AM is suited to low-volume production, a characteristic shared by the products 
that are currently 3D-printed and available on the market, e.g., prostheses, aircraft parts, toys. 

• Variability of (and between) AM machines. At present AM technology is subject to 
significant process variation, which negatively affects the repeatability of production that can 
be made by machines. Observations at the production site of the case company show that the 
properties of the outputs of the same machine can differ over different runs, in terms of 
dimensional and mechanical properties, as well as the outputs of two similar machines. It 
should also be noted that the volume of objects that can be 3D-printed is limited, typically 
less than 400 mm in each dimension. 

• No tooling requirements. AM does not necessitate tooling, e.g., molds, punches, jogs or 
fixtures, to create a part because it deposits material directly on the object. This is different 
from traditional manufacturing techniques called formative, where molds are used to form 
the material into desired shape. The elimination of tooling that constrains the range of parts 
that can be manufactured represents the underlying feature that qualifies AM as flexible. 

• Flexible and general purpose. AM machines are not dedicated to a particular component but, 
thanks to the removal of tooling, are able to fabricate a wide range of different parts and 
products (Eyers et al. 2012). Also, parametric settings that control how the parts are 
manufactured and in what order can be varied. While the inherent flexibility of AM is 
stressed in existing literature, interviewed managers state that in reality barriers and 
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constraints reduce the range of parts and materials that can be treated with a single AM 
machine. 

• Digital. AM machines are able to fabricate directly from a 3D design file. AM is accelerating 
the digitalization of products, whose key element is the related CAD model rather than the 
tangible materials that bring the digital data to reality. 

Although our study has focused on the distinguishing features of AM in its current state 
of development, interviewed managers stress the need to discriminate, already at this point, the 
provisional characteristics of AM technology, i.e., attributes that characterize current AM 
machines and will likely change as the technology evolves, from those characteristics that are 
immanent, i.e., inherent in the essence of AM. According to the empirical evidence gathered, 
variability, size constraints and absence of economies of scale appear to be provisional whereas 
high automation, part consolidation, lack of tooling requirements, digital and general purpose 
capabilities characterize the inherent nature of AM  

It is important to note that some of the above features of AM are shared with other 
conventional manufacturing techniques, e.g., injection molding machines are highly automated 
and new generation robots are general purpose. However, it is the combination of these attributes 
in a single technology that make AM unique and motivates its potentially disruptive impact. 
 
Performance consequences of AM technology 
Moving to the building block “operational performance” and its relationship with AM’s 
technological features, the conceptual framework posits that the specific attributes of AM 
technology influence the quality, speed/dependability, flexibility and cost of operations. In the 
following, the impact of the use of AM technology on performance is articulated, discussing its 
benefits and drawbacks across the different performance dimensions. 

As regards quality, the effects of AM technology are both positive and negative. On the 
plus side, AM allows improved product design. Because tooling is removed and so its 
restrictions on the ways products are designed, additive manufacturing enables freeform 
fabrication, which frees designers from manufacturing constraints and thus unlocks their 
creativity. Instead of having to compromise between aesthetics and functionality, AM allows 
products to be optimized for function and for appearance. More complex, lighter and stronger 
shapes, with higher performance properties (e.g., improved strength to weight ratio), inspired by 
nature, which were impossible or too expensive to make with traditional manufacturing 
techniques can now be realized, and at little additional cost (the machine does all the calculations 
and the fabrication). Moreover, as a rapid prototyping technology, AM allows designers to 
produce physical models of their drawings more frequently. Errors in the design are minimized, 
and their cost too, as more prototyping allows to check the fit and function of the design 
unambiguously as well as to discuss downstream manufacturing issues. On the minus side, AM 
machines do not yet match the tight tolerances offered by conventional manufacturing 
techniques. On an absolute specification level, surface finish, resolution and mechanical 
properties of AM-made parts are lower, although the magnitude of the gap depends on the type 
of material: metal parts perform better than plastic parts according to Taylor et al. (2013), which 
is confirmed by our case study where a particular nickel alloy is used. On a relative conformance 
level, because of its variability, AM does not achieve the degree of consistency and conformance 
to specifications offered by traditional manufacturing, which makes it currently unsuitable for 
use in industries adopting rigorous process control. Because AM-made parts have idiosyncrasies, 
then they typically need some secondary post processing operations, e.g., bench work and 
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polishing, to become net-shaped and ready for end-use. This extra work has however 
consequences in terms of costs and speed.  

As regards speed, Taylor et al. (2013) argue that overall, AM enables a shortened cash-to-
cash cycle time. Contrasting forces contribute to achieve this performance. The fact that AM 
removes or reduces setup and assembly time, because of no tooling and part of consolidation, 
shortens throughput time. The need for pre-processing (turning metal into powder, needed when 
using laser sintering AM technology, as in the case study) and post-processing activities expands 
the throughput time. In terms of processing times, the evaluation of AM’s performance depends 
on the benchmark. AM machines have slower build rates than, e.g., injection molding machines 
in mass production processes, but they are quicker than manual crafting in those processes where 
AM substitutes hand work, e.g., prototyping in the innovation process. The evaluation also 
depends on the type of product considered: AM machines can build complex parts and shapes 
more quickly than traditional techniques, but they lag behind when making simple parts. If a 
broader supply chain perspective is adopted, it could be argued that supply chains will become 
shorter as a consequence of AM’s diffusion. First, AM allows part consolidation and thus the 
resulting reduction in part count reduces the number of suppliers needed. Second, the general 
purpose nature of AM means that the firm itself can build components that were previously 
subcontracted to external firms, without the need for dedicated machines. The case study did not 
support these dynamics, as the company’s implementation of AM did not have any influence at 
the supply chain level. Higher vertical integration implies larger control and closer 
synchronization of schedules, thus increasing the ability to respond quickly to customer demand. 
On the contrary, the digital nature of AM means that 3D design files can be shared more easily 
with, e.g., service bureaus that offer AM services to other businesses and consumers, thus 
favoring increased outsourcing. At this stage of the research, we cannot provide any definite 
evidence of the influence of AM on supply chains. 

The key advantage of AM in terms of flexibility is its ability to truly customize products, 
thus radically expanding the product portfolio of a firm. The lack of tooling requirements implies 
that altering products does not require retooling, but only changing the instructions in the 
software. The potential is thus to upgrade current mass customization strategies, where variety is 
limited to combinations of predefined modules, to full customization, where each product is a 
limited edition for niche markets, hopefully selling for a premium price. This goes hand in hand 
with the fact that AM facilitates the update of product designs and prototypes in order to follow 
the trends in the context, and to react to customer feedback. Design re-iterations are cheap 
because they basically require changing the instructions in the CAD software.  

In terms of costs, the following are key advantages brought by AM: lower capital outlay, 
because of less tooling costs and overall cheaper machines (Cohen et al. 2014); reduced 
prototyping and product development costs; reduced logistics and warehouse costs, due to 
shortened supply chains; lower waste of material, as AM technology deposits or hardens the 
matter only where it is needed, thus allowing a more efficient use of raw materials compared to, 
e.g., to subtractive techniques; lower complexity costs, due to part consolidation that decreases 
the bill of materials. Cost penalties of AM instead include higher energy and material costs. 
Interviewed managers stress the increased cost of purchasing powdered metal alloy used in their 
laser sintering machines. They also state that these cost disadvantages are kept under control by 
the fact that the production volume with AM is limited. 

To conclude this overview of the performance consequences of AM, it should be stated 
that an assessment of AM’s performance requires a contingency view. Depending on the type of 
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product application or process type analyzed, the pros and cons of AM compared to conventional 
techniques differ: is AM used to automate production of traditionally hand crafted goods or to 
customize mass produced items? On a general note, it is relevant to note that AM appears to 
overcome typical trade-offs in operations management, i.e., those between variety and cost 
efficiency and between complexity and cost efficiency. It is in this ability to move the efficiency 
frontier forward, e.g., by being able to print different objects characterized by varying 
complexity, one after another at the same cost, that the disruptive potential of AM lays. 
 
A preliminary AM-enabled management paradigm 
If the above are the performance consequences of AM, how should managers design and run 
their operations to fully leverage AM benefits and to offset its drawbacks? This section includes 
a first attempt to identify the managerial practices that support AM implementation and use and 
the realization of its full potential. 

In order to achieve AM’s potential for full customization, enabled by the lack of tooling, 
a beneficial managerial practice is co-creation, where customers have an active and creative role 
in the design and making of products. The diffusion of online services facilitates the interaction 
with customers. Besides that, the fact that AM can work economically at small scale as well it 
automates production thus reducing the labor component in the total cost, gives the opportunity 
to decentralize production, moving it geographically closer to customers. Whereas 
manufacturing is typically centralized in few factories in order to achieve economies of scale and 
labor cost savings, the implementation of AM allows the establishment of smaller local 
production sites in multiple locations. Apart from allowing customers to take a larger part in the 
design and production processes, this phenomenon reduces the complexity of logistics: distant 
and problematic regions can be better served because, given the digital nature of AM, what is 
transported is information rather than physical goods, with clearly big benefits in terms of costs 
and speed. Also, it reduces response time to customer’s demand because repairs or spare parts 
can be produced on site. 

Because of customization and customer involvement, it is appropriate to begin production 
only after the customer has placed an order. A pull approach to production, where products are 
made on demand (in contrast to push where products are made in anticipation to demand), 
reduces inventory and the costs associated with it and speeds up the production process, provided 
the availability of capacity. Whereas in mass customization differentiation of products is 
achieved by delaying the completion and combination of partially-built modules (Berman 2012), 
in AM systems the postponement tactic can be taken to the extreme as the decoupling point goes 
back to raw materials. 

Pull control is not the only lean method that is consistent with AM’s features and 
increases its operational gains. Due to its general-purpose nature and the lack of tooling, AM 
favors working with small batches or ideally achieving a one-piece flow. Traditionally large 
batches are justified in order to spread long setup times and fixed tooling costs to a higher of 
number of parts. By reducing or removing setup times, AM speeds up operations and reduces 
costs, and this beneficial effect is amplified, thanks to lower work-in-process and streamlined 
flow, when the machines work on small production runs. 

Lean methods support the improvements enabled by AM not only on the manufacturing 
shop floor but also in the design labs. As a rapid prototyping technology, AM has the potential to 
reduce time to market, cut development costs and improving innovation quality, and this 
potential is strengthened if lean startup and/or agile development techniques (Ries 2011) are 
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employed, instead of traditional waterfall innovation models. With products becoming little more 
than digital information thanks to AM, then best practices in the development of software can be 
applied also for the development of hardware. Lean startup, e.g., is an increasingly popular 
management movement that suggests managers to break down the innovation process into many 
short quick loops, reiterated many times, each cycle delivering a “minimum viable product”, a 
potentially shippable product increment. The main goal of having short iterations is to get 
feedback from the customers as quick as possible, in terms of what features add value and what 
do not and should be modified, and act upon this. In a waterfall model instead, characterized by 
long sequential stages, the innovation process is designed in a way that testing and getting 
customer feedback is not done until the very end of the process. A lean startup approach is of 
course possible if the prototype can be placed in the hands of customers in order to collect 
feedback from them. While this is feasible with software, where beta and final versions are made 
of the same “material, code, it is less so with hardware: a clay prototype radically differs in terms 
of function and look from a final product. AM represents a first step toward solving this problem 
as 3D printers allow to quickly fabricate fully-fledged prototypes that resemble final products 
and that can be quickly and cheaply modified if needed. 

Still in the innovation context, the design advantages enabled by the lack of tooling in 
AM call designers to go beyond design for manufacturing and assembly (DFMA) conventions 
and to completely rethink design rules in order to take advantage of design freedom and to get 
inspiration from shapes available in nature, which can now be manufactured with AM. 

Speed and cost advantages from AM can be realized through business process 
reengineering (BPR) projects. According to BPR, the role of technology is not to automate 
activities, but to obliterate them, i.e., to completely remove the need for these activities in the 
first place. As AM has the potential to do so as regards assembly, welding, setup tasks and other 
activities that do not add value, it is likely that companies implementing AM will follow BPR 
approach and principles to radically redesign their production processes. Moreover, because of 
part consolidation, the number of discrete operations required to print and assemble an item will 
be lower than when using conventional techniques. This means that the configuration of 
production processes will likely change from long and thin (high division of labor and horizontal 
specialization) to short fat (fewer stages with more work). Benefits from this latter arrangement 
include higher mix and volume flexibility and higher robustness (Slack et al. 2011). Also, the 
existence and negative consequences of bottlenecks, in terms of capacity constraints and 
inventory accumulation, are alleviated. An interesting question for future research is whether 
balancing will become a less relevant practice in AM-based production systems or whether a 
new kind of balancing will emerge. The drawbacks of short fat arrangements, in terms of larger 
capital requirements and inability to automate tasks, are lessened by the nature of AM machines 
that are able to automate handwork and require lower investments. A shift towards short fat 
process configurations enabled by AM will also imply that fewer operators will be working on 
the factory floors (3D printers operate with little human intervention and can run unsupervised 
for long time), but they will be endowed with higher and broader skills. The long run times of 
AM machines will justify the need for cross-training and for multi-skilled operators as these will 
perform different tasks as the parts are being printed. In the case company analyzed in this study, 
managers predict that the number of process stages following the implementation of AM has 
been reduced by 75%, and so has be the number of people. 

Figure 2 maps the results of the study on the conceptual framework previously shown. As 
a result of it, it is relevant to state the following. Firstly, this paper offers a joint discussion of the 
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implications of AM on both innovation and operations management. While these disciplines 
have been historically treated distinctly in both theory and practice, we argue that the boundaries 
between them are blurring as a consequence of AM. With 3D printers allowing to create a larger 
number of prototypes more frequently and to produce customized goods in small runs, then the 
volume-variety positions of design and production processes respectively get closer, as design 
and production become more integrated stages of the same idea-to-market process. This already 
happens in contemporary jobbing operations, e.g., F1 car manufacturers, where the demarcation 
between innovation and operation are hazy. A role model in the integration between design and 
production is Zara, which designs, produces and delivers a new garment in just two/three weeks. 
Zara produces clothes in small batches in order to initially test the market and get feedback from 
customers. It is more common that Zara produces a new garment or a modified version of it than 
a second batch of the same garment. We argue that the diffusion of AM and of lean startup 
practices will increase the number of companies applying Zara’s “fast fashion” principles, also in 
different sectors. Synergies between innovation and operations also include higher creativity: 
“the amount of creativity that happens when you are standing next to a machine that’s making 
hundreds of thousands of things is much greater than when you are working 4,000 miles 
away…Your mind is spinning as to what else you can design for the machine to make” (The 
Economist 2012, p. 12). On the same line, Mellor et al. (2013, p. 15) stress the importance of a 
“design and application development” skill, i.e., the ability to design the part “to design the part 
where you don't do anything to the part after you have finished” producing it. 

Secondly, the changes to the management paradigm as a result of adopting AM depicted 
above do not appear to be revolutionary, as many experts predict. Taken singularly, the identified 
practices are components of well-established management frameworks. We believe that this is a 
natural consequence of the mental schemes used by researchers and practitioners for long time. 
An analogy can be drawn with the Internet some decades ago, when experts could predict its 
initial uses, e.g., messaging and purchasing services, but not the most revolutionary and 
disruptive ones, e.g., social networks. In order to visualize the groundbreaking uses of AM and 
the supporting managerial practices that will co-develop, we argue that both researchers and 
practitioners need to wear new glasses and take a different approach to devise and implement 
managerial practices that will amount to a third industrial revolution 

 

 
Figure 2 – Results mapped on the conceptual framework 
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Conclusions 
 
This paper is the first attempt to develop a managerial paradigm that supports the improvements 
enabled by additive manufacturing. While the initial paradigm identified in this study consists of 
known practices from established frameworks, it however lays the foundations for researchers 
and managers alike to conceive and implement unconventional managerial mechanisms that 
transform additive manufacturing technology into the third industrial revolution. 

It is believed that the proposed conceptual framework on AM-enabled management 
could inform future research in the matter. Additional work should explore other managerial 
practices as well as adopt a stronger focus on the human, organizational and cultural implications 
of AM, which are overlooked aspects in this study. Moreover, future works should investigate 
the interrelationships between the practices identified in order to develop an internally consistent 
and coherent management paradigm. As regards the performance consequences of AM, further 
research is needed on the influence of AM on sustainability, which is becoming an increasingly 
relevant performance dimension for innovation and operations managers. 
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