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Abstract - Globalized networks of suppliers and
manufacturing hubs may fail in the face of high impact
and unpredictable events such as Hurricane Katrina, the
9/11 terrorist attack, the Fukushima disaster and the
COVID-19 pandemic—known as black swan events. I
examine how 3-D printing, a now widespread and
powerful technology, may be relevant in this context. I
show 3-D printing in the manufacturing sector will
simplify complex and globalized networks thereby
making them more resilient to black swan events. The
findings of this review article are important for managers
and chief supply chain officers in that they can better
simplify the chains through the adoption of 3-D printing
infrastructure, thereby insulating their businesses from
the cascading effects of black swan events. I find support
for the hypothesis that the adoption of 3-D printing
infrastructure in manufacturing supply chain
infrastructure leads to simplification of the networks. It
facilitates simplification through economies of scale,
customization, co-production, better demand prediction,
freedom in shape design, allowance for manufacturing
postponement, fewer nodes and integration of
functionalities to reduce steps in the chain. These
contribute to improved resilience through a variety of
mechanisms.

Keywords: 3-D printing, additive manufacturing, black

swan events, economies of scale, node structure, resilience.

1. Introduction
An efficient supply chain facilitates the allotment of

goods at a desired place and time in the required
quality and quantity. With reduced margins due to high
labour costs, increased competition and efficiency
improvements in transport and reduced trade barriers,
companies in the manufacturing sector have developed
complex networks of supply lines and have shifted to
using manufacturing bases in countries such as
Mexico, Taiwan, Argentina and China. This allows the
of lean and just-in-time

development logistic

operations, thereby providing competitive leverage in
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the hyper-competitive business landscape [1]-{3].
Traditional risks impacting the complex globalized
supply chains arise from issues of distorted demand
information and breakdowns in production, logistics
and transportation, which can be recurrent and routine
[4], [5]. Research suggests that almost 75% of all
organizations each year experience supply chain

disruptions [6], [7].
1.1. Black swan events- COVID-19

‘Black swan’ events pose substantially greater
problems. These are huge magnitude events which are
pervasive, unpredictable and that necessitate re-shaped
economic structures. Examples include the shortage of
automobile parts that disrupted production lines for
several months in Japan after the 2011 tsunami, the
floods in Thailand in 2011 that affected the supply
chains of computer manufacturers due to a shortage of
hard disks, or the 2010 eruption of a volcano in Iceland
that disrupted air transportation and impacted time-
sensitive air shipments [8]-[10]. Black swan events
may be thought of as ‘unknown unknowns’ impacting
supply chains in ways not accounted for in existing
business models, including shortages of parts, the need
for changes to product design, manufacturing
stoppages and other logistical breakdowns [11]. 3-D is
another name for additive manufacturing (AM) since
in AM the layers are added according to the digital
design as opposed to the subtractive manufacturing
wherein the material is extruded in the processes of

milling, lathing or by numerical control machines [12].
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Although 3-D printing has been known in academic
circles since the 1980s, only recently have costs of
these printing machines come down such that their
adoption in the manufacturing industry has expanded.
The costs of 3-D have further reduced costs of digital
designs through open sourcing by the global
community RepRap, the open-source Lulzbot TAZ
manufactured by Aleph Objects and the largest

consumer 3-D printing company, MakerBot [13]-[19].

1.2. Impact of 3-D printing on the

supply chain verticals

Research before 2014 focused on the use of this
technology for improving operational efficiencies of
conventional industrial manufacturing through
enhancement in rapid prototyping and speciality
manufacturing (e.g., making injection moulds for
conventional manufacturing) [20], [21]. Since 2014,
research on the impact of 3-D printing on supply
chains has burgeoned. 3-D printing is emerging as a
general-purpose technology with broad implications
for supply chains (e.g., predicted to be $21 billion in
the U.S alone in 2021). Examples include Dubai
aiming at 25% 3-D in all new buildings by 2030 [22],
customized dosage printing of medicines as in the case
of Spritam (used for treating epilepsy) which was
approved by Food and Drug Administration (FDA) in
2015 [23], bioprinting of tissues or medical devices
[24] , and tool-less manufacturing of complex,
precision automobile or aviation components [17],
[25]-[28]. Further research is needed to specify the
relationship between simplification of chains due to 3-
D technology adoption in the manufacturing sector.
The purpose of this literature review is to examine
whether 3-D printing in the manufacturing sector will
simplify complex and globalized networks thereby
making them more resilient to black swan events and
thus making the manufacturing process more resilient.

The findings of this review article are important for

managers and chief supply chain officers in that they

can better understand supply chain risk management to
protect their businesses. This review highlights how
they can approach risk identification, assessment,
mitigation and monitoring by leveraging the

advantages of 3-D printing [29].

2. Literature Review

The study looks into secondary data (collected from
authentic data sources both public and private) sources.
The thorough literature review to examine how the
design of supply networks can be simplified to
improve resilience to black swan events through the
use of 3-D printing helps to better substantiate our
argument. The desire to look for solutions to disrupted
supply chains in the wake of COVID-19 pandemic led
to an initial literature search. The need for this thematic
narrative review was obvious due to a research gap on
how the use of 3-D printing technology may improve
supply chain resilience, especially in the
manufacturing sector. The research design of this study
has made use of the several datasets, conducting
crucial appraisal of several research studies and
analyzing the existing literature both qualitatively as
well as quantitatively. The review process involved the
identification, prioritization, synthesis, and analysis of
the research evidence in the existing literature that
related to the topics of the study with crucial attention
to the findings that have been subsequently brought
forward by the author. The research papers, journal
publications and the articles used in this study aim to
comprehend the research question and then post the

analysis of the findings, address the problems as well

as offer reccommendations.

2.1. Identification, Selection and
Evaluation of Eligible Literature

In order to analyze and interpret the topic of study, the
secondary data was collected that focuses on the use of

3D printing in the manufacturing sector as well as
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impact of this technology on the design of the supply
chains. and google scholar. The search was carried out
using combinations of keywords including
globalization, complex supply chains, supply chain
design, black swan events, manufacturing supply
chains, manufacturing automobiles, 3-D printing,
additive = manufacturing, resilience,  disruptive
technology, blockchain and multi-modal transport.
Because the search was carried out using ProQuest
Central, HBR, the Stanford University online library,
MIT Journals and ResearchGate, there are books and
trade magazines that might contain practical case
studies and reports relating to the topic that were not
included. This was not intended as an exhaustive
review of the topic but instead sought to identify key
papers that

specifically link 3-D printing to

manufacturing chain resiliency. An

supply
approximate number, 500 publications, articles and
reports focusing on 3 D printing and its impact on
supply chains were studied. Firstly, exclusion and
inclusion criteria were applied to choose the recent
papers. The majority (82%) were from 2014-2020 and
were focused on 3-D printing and its advantages.
Generally, earlier articles were more about supply
chain design or the reasons for globalized networks.
This mix of research from the past (supply chains
without 3-D printing) and current (increasing adoption
of 3-D printing in chains and their impact) was
informative. Moreover, only the publications that were
published in the English language were chosen and the
articles that were written in other languages were not
taken into consideration. Further, narrowing of the
funnel involved drawing attention to the research type
of the existing literature thereby having visibility into
the authenticity of their works. After searching for
these articles and applying the above selection criteria,

25 articles were chosen for the study.

2.2. Assessing the Quality and
Appropriateness of The Literature

Reviewed
The research approach used in this study involved the

review of various articles thus creating a
differentiation between the qualitative and quantitative
research design. Moreover, a critical inductive
investigation was carried out in each of the reviewed
papers and the techniques of data collection used in
each paper were also examined. The units of analysis
for the articles were classified into individual, group,
organization, tools and methods classes. Extensive
research was carried out to focus on the articles that
emphasized on how the use of 3D printing
infrastructure would alter the design of the supply
chains and result in simplification thereby making the
chains resilient to disruptions. This review focused on
the subject matter and the related sources were

investigated as well.

2.3. Extraction and Synthesis

Descriptive analysis was used to reveal pattern or trend

of any pre-existing propositions, theories,

methodologies, and findings. A systematic and
structured classification of the studies was done in this
research approach wherein papers of various scholars
were screened in terms of literature review, objectives,
methodology, analysis and findings. Thereafter a
critical review of each article helped in formulating
patterns and specific themes of study. Personal insights
were extracted from each article including the year of
publications, the research methods, the directions of

research outcomes and the data collection techniques.

3. 3-D Printing Process Methodology

Three-dimensional (3-D) printing is a technology used
for fabricating complex standalone parts or assemblies
(for use in the manufacturing process) in a printer from

their digital design through AM, wherein a single or
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multiple material are used to print layer over layer with
the shape of each layer to be adjusted to form the
intended component [30], [31]. The process of AM is
shown in Figure 1, wherein the metallic powder is
melted with a high heat laser or an electric-arc and this
molten metal is then deposited in layers as directed by
the controller to form the shape of the part [32]. This
technology has led to reduced product development
times and faster-time-to-market compared to
traditional manufacturing [33]. It allows for building
complex components, provides freedom from design
constraints and offers capabilities for a single
integrated assembly line for different parts [32], [34]—

[36].
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Figure 1: Additive manufacturing process using high
heat laser

The latest 3-D printers are increasingly efficient, e.g.,
with faster precision printer heads that provide
competitive advantages compared to injection
moulding processes. Further, the integration of 3-D
printing infrastructure with cloud manufacturing
facilitates users in accessing a variety of on-demand
services. The complete 3-D infrastructure requires
setting up a design centre or integration with a design
institute through cloud services that would enable the
consumer to participate in the selection or the design
phase. Subsequently, as shown in Figure 2, a 3-D CAD
(computer-aided design) followed by a software file is
created which is then sliced in a software application
to decide on the granularity of the layers of deposition

of the 3-D material.
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Figure 2:3-D printing process

Finally, the design is produced in a 3-D printer and is
thereafter sent to a conventional post-processing
machine [36]. Moreover, a system of manufacturing as
a service for 3-D printing provides a platform for free
design which is helpful in co-customizing and making
it possible to have many smaller production sites close

to customers thereby simplifying chains [37]-[39].

4. 3-D Infrastructure in

Manufacturing Supply Chain
The global 3-D market will grow to $35.6 billion by

2024, with a healthy adoption outlook for 3-D printing
in the manufacturing sector [40]. The metal used in the
field increased by 42% in 2018, a fifth straight year of
increase, implying growing use of 3-D printing in the
manufacturing sector [41]. In a survey carried out by
PricewaterhouseCoopers (PwC), of more than 100
manufacturing companies in 2014, 11% had already
switched to volume production of 3-D-printed parts or
products, with the sale of industrial-grade printers at
one-third the volume of sales [42]. The automobile
sector too is mobilizing significant investment for
manufacturing and installing electric vehicle supply
equipment (EVSE) infrastructure globally [43]. 3-D
printers and Co-customization would help in
augmenting and better development of such electric
vehicle production supply lines. This consist of both
charging and battery swapping technologies. These
numbers reflect the inclination of the manufacturing

industry to leverage the advantages of 3-D printing.
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4.1. Co-Customization

In traditional manufacturing chains,

supply
customization of a product adds complexity to supply
chains because of the additional variables that must be
introduced [44]. However, the use of 3-D printing in a
manufacturing chain, because of flexibility in shape
design and storage of digital designs in the system,
results in enhanced customization scope. In the
contemporary business landscape, the options to the
customer for configuring a product is almost a
requirement of marketing and production departments,
to create personalized products and enhance the
customer experience. Adoption of 3-D printing blends
adaptability (the ability to produce customer-specific
products) with the low per-unit cost of mass-

manufacturing [45].

For example, Husqvarna (supplier of outdoor power
products for forest, parks and garden care) is a
customer of Fast Radius, a 3-D manufacturing
company with its own digital platform and a design
innovation institute. Hewlett Packard also leverages
the platform of Fast Radius to co-customize designs for
its internal consumption as well as its customers.
Partnering with Fast Radius has helped Husqvarna
shorten its supply lines and lead times, as without 3-D
printing it would take weeks (or more) to replenish
supply [46]. Customers can participate in the design
iterations— a type of co-production, without adding

additional complexity in the chains[26], [47], [48].

Further, mass personalization requires the production
hub to be supported in the processes of concept design,
function prototyping, complete prototyping and
engineering sample production. Mass personalization
in production requires companies to adopt smart
manufacturing which entails the use of the information
systems and communication technology to integrate

distributed factories as part of the production service.

Each of these connected factories would have agile

manufacturing consisting of 3-D printers along with a
set of conventional workstations and flexible transport
systems for the manufacturing of a set of different
types of products on the same line (making such a
system more resilient to disruptions). The smart
factory, integrated with information communication
technology and 3-D printers along with conventional
production machines in the line, would result in a
manufacturing process that is more adaptable to the
personalized production and mass customization in the
entire process of product development from product

design to initial production [31].

4.2. Optimal Balance Between
Centralization and Distribution of
Nodes

A manufacturing supply chain consists of nodes that
are independent decision-making business entities
such as manufacturers, warehouses, transportation
carriers and financial institutions, all looking to
maximize profit within the scope of their operations.
These nodes are connected with links which may be
interdependencies, supply-demand relationships,
material flow, logistics or partnerships—all of which
can be highly nonlinear, multiscale and complex [49],
[50]. This was aptly communicated by Tom Linton,
chief procurement and supply-chain officer at
Flextronics ‘I have 14,000 suppliers. I guarantee that
with 14,000 suppliers, at least one of them is not
performing well today’ [51]. Research shows that the
greater the number of nodes and links in a chain, the
greater the severity of impact due to black swan events
because of increased exposure [52]. Recent examples
include (1) the worldwide disruption of plastic car
parts due to an explosion in a chemical plant in
Germany in 2012 and (2) SARS in 2003 and COVID-
19 in 2020, disrupting the flow of automobile parts and
other components in manufacturing chains from China

and across Asia that impacted companies globally

[53]-[59].
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There is a trade-off between the pooling of nodes
which reduces the cost of mitigating recurrent risks
(although with diminishing marginal returns) and
diversification of nodes which reduces the impact of
black swan events (again with marginal diminishing
returns of adding the nodes). This case was
exemplified in the differential impact on the supply
chains of Nokia and Ericsson—both customers of
Phillips—by the destruction of the Phillips factory by
fire in 2000 in New Mexico. Immediately after the
incident, Nokia started sourcing its chips from other
American and Japanese suppliers since Nokia
practised a multiple-supplier strategy (diversified
nodes). By contrast, Ericsson employed a single-
source policy (pooling of nodes) and was challenged
since it had no other supplier of chips [60]. Chandra et
al. (2019) suggest that agile chains can better adapt to
the disruptive impacts of black swan events and are
more resilient. Rylands et al. (2016) and Durach et al.
(2017) highlight that 3-D printing leads to enhanced
agility in supply chains because even if the pooled
critical nodes are disrupted, the on-demand and in-situ
manufacturing would enable the supply chain to adapt
and recover. The application of 3-D infrastructure
reduces steps of manufacturing since the user or
factory hubs can manufacture the parts rather than
waiting for their arrival. As such, companies can

improve their rebound potential following disruptive

events[61]-[64].

4.3. Freight Concentration and Volume
Through Nodes

It is not only the number of nodes and links but also
the concentration of freight that flows through a few
critical nodes in the supply lines that affect the
vulnerability of chains. Concentrating the freight
through a few port hubs saves costs but increases the
risk [61], [65]. Furthermore, compression of the time
of activity (reduced order cycle times and lower

inventory levels) at these nodes increases the

vulnerability of the globalized chains [66]. In such a
situation, a disruption that affects one segment of this
chain will impact it entirely—from supplier to
customer in the case of supplier-driven systems and
backwards from customer to manufacturer in the case
of demand-driven ones [67]. 3-D printing reduces
freight volume through nodes and changes the
inventory mix from components to raw material
(powder, filament coils and liquids) since the physical
flow of goods would be replaced by digitized designs
for on-demand production at the location of
consumption [68]. Chen (2016) pointed out that 3-D
printing could shift production hubs from Asia to
North America. Such a paradigm shift, due to localized
manufacturing facilitated by AM or DMHAM (see
below), would result in a decline in shipping and air
cargo. Moreover, reduction in freight volumes and the
replacement of physical goods with digital inventories
would result in lower inventory storage thereby
simplifying demand for 3-D printing logistic materials
that might be supplied by 3-D printer equipment
companies, third party suppliers or from the original

producers [69].

4.4, In-Situ, On-Demand
Postponement of Production

and

At a certain point in a ‘leagile’ (a chain design that is
the combination of lean nature for stable demand and
agile nature for volatile demand) supply -chain,
management needs to transition between agile and lean
efficiencies—Ilabelled a decoupling point. Whenever
the company faces highly volatile demand at the
decoupling point, as in the case of any black swan
event, the supply chain needs to be agile enough to
accurately capture consumer needs in terms of demand

planning [70], [71].

The implementation of 3-D printing in a
manufacturing supply chain facilitates the processes of

manufacturing by producing closer to the point of
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consumption thereby simplifying long and complex
chains (in-situ production), by allowing manufacturing
to be delayed to a later stage in the delivery
(postponement) rather than manufacturing at
individual supplier platforms, improving flexibility
and by producing only

consumer[24], [28], [63], [72], [73]. Philips on its

on-demand by the

125th anniversary, partnering with Twikit’s platform,
provided 125 of its customers the opportunity to
customize and personalize their face shavers (each
person could select the colour, texture and form of the
external grip) from a palette of options which were
then produced at Philips’s 3-D printing facilities. This
postponed the customized product to the time of
consumption. This model of 3-D printing
postponement can be used to stock up the inventory of
the base products that can be finished as per the
customized requirements of the customer late in the
process [74]. 3-D printing aids in distributing
deployment of digital manufacturing capacity in small
batches which results in saving a considerable amount
of inventory by postponing the creation of a variety of
products to the last link in the chain thereby avoiding

compromised delivery times [75], [76].

4.5. Reduction in Process Steps and
Reduced Lead Times

In the current process of mass manufacturing, a
process called injection moulding is often used. It
requires several parts, and these may be manufactured
by different vendors who are geographically dispersed
and therefore exposed to black swan event disruptions
in their supply lines. 3-D printing removes these
manufacturing complexities while creating fewer,
smaller and better-performing components resulting in
fewer assembly steps, leading to swifter production
cycles and lower manufacturing costs [74], [77]. 3-D
printing facilitates faster tooling, storage and re-use of
digital designs and, most importantly, the localization

of the source of the raw materials [78]—[80]. The

importance of in-situ AM manufacturing is highlighted
in an example wherein first responders in an
emergency can greatly reduce production logistics by
simply delivering aluminium powder (a key raw
material for AM) rather than establish a long supply
chain for other materials [81]. Another example of in-
situ AM is the digital manufacturing network of
Hewlett Packard through which it works with several
customers, including Jaguar, Land Rover and Vestas
(which makes wind turbines), to manufacture in-situ

parts through 3-D printing [46].

4.6. Digitized Inventory

The use of 3-D infrastructure in a chain enables the
replacement of physical inventory by a digital one
thereby effectively moving the point of distinction of
the product parameters further downstream to the point
of use. This obviates the need for variety in stock thus
reducing inventory levels and improving part
availability. On-demand generation combined with the
availability of digital designs would result in the
readiness of the part at a lower cost at the point of use,
even when the traditional chains are disrupted due to
black swan events [68], [82]-[89]. An organization
that adopts 3-D in its manufacturing process would
need a robust ERP (enterprise resource planning)
system that facilitates storage, transfer and use of
digital components for in-situ production. A database
of such digitized parts would also help the managers in
the organization determine a build location decision
based on the costs and risk analysis of the production
of such parts in the chain. Components may be
produced in-house, using conventional or 3-D, or parts
are ordered from external suppliers [90]. In the use of
digitized inventory, the supply chains will be
shortened, thereby removing the risks in planning,
shipping and stockpiling that are necessary when

preparing for unforeseen events [24], [69].
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4.7. Digital  Manufacturing-Assisted

Hybrid AM (DMHAM)

The adoption of AM in a production line results in the
manufactured part having a rough surface finish and
inaccurate dimensional tolerances, which is a
challenge for the adoption of AM technology in its
pure form [91], [92]. To overcome this manufacturing
process challenge, the concept of hybrid AM is being
implemented. In this, a metal part is near-net produced
(initial production of the item is so close to the final
shape that it reduces the need for surface finishing)
through the AM and thereafter post-processed via
legacy techniques, such as grinding and milling [93].
An example of direct metal rapid tool manufacturing
3-D printer process is shown in Figure 3. It utilizes
inert/active gas welding for additive 3-D printing and
then uses computer numeric controlled milling for the
subtractive process to produce a near-net shape [94].
Facilitated by a DM-assisted hybrid AM platform, the
processes of additive manufacturing combined with
subtractive manufacturing, in a single unit and
controlled by computer numeric programs, results in

producing a cheaper and higher quality part that may

substantially reduce production steps.
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Figure 3: Hybrid-layered manufacturing for making
metallic dies and moulds

An algorithm for operation sequencing of additive,
subtractive and inspection processes for manufacture
may be used to run the processes serially or in parallel

to enhance overall capabilities [73], [94]. A major
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impact of the DM-assisted hybrid AM would be the
facilitation of distributed manufacturing in which the
parts may be manufactured at diverse geographic
locations thereby shortening transportation distances
[93], [95]. Further, DMHAM would facilitate the
development of smart factories whose traditional
subtractive manufacturing centres may create low-
cost, high-volume parts complemented by critical parts
through 3-D printing[95], [96]. In the 3-D printing
hubs, the low volume parts are produced to order and
thereafter are sent to nearby machining shops for
surface finish. However, with the adoption of the
DMHAM technology, the surface finish would be
carried out in the same machine thereby shortening the
chain. In the conventional process, these components
would be manufactured in different machines or
procured from a supplier (increasing the lead time as
well as adding complexity to the chain) whereas in the
DMHAM all these components are near-net produced
as one part and thereafter polished in the same
machine. Furthermore, the DMHAM technique would
facilitate repair of parts (anything from large aircraft
engines to automobile parts) that may not be possible
with AM alone thereby simplifying or obviating the

need for reverse logistic supply chains [93].

4.8. 4-D printing

Whilst 3-D printing has resulted in large batch
customized printing of parts and assemblies at the
location of production, 4-D printing (which currently
is in nascent stages of industrial application) has the
potential to enable 3-D-printed parts further. 4-D can
be used to transform part shapes in response to
environmental stimuli, e.g., properties of self-
assembly or self-healing are being utilized in the
automobile industry to simplify chains [97]. The
supply chains can be simplified by reducing spare
requirements post-sales by incorporating spares at the
time of production. These would then be activated to

self-assemble if the original part breaks, thereby
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obviating the need for supply or assembly efforts.
Moreover, self-healing of critical hoses, pipes or
gaskets reduces the need for supplying these physically
in supply chains [98]-[100].

4.9. Smart Contracts With 3-D
Printing Infrastructure

Manufacturing chains become more resilient by having
3-D printing hub centres under ‘smart contracts’ in the
critical path of the chain [11], [61]. Blockchain
technology, due to disintermediation as one of its
benefits, may be used for the implementation of smart
contracts with the several suppliers instead of relying
on one single supplier at all tiers. This provides for
more responsive and real-time switching to the backup
suppliers in case of stoppages in the chain due to Black
Swan events. Smart contracts also result in reduced
lead times, increased visibility, trust and security in the
network and therefore increase overall resilience
[101], [102]. Equally important, in the onset of a
disruptive event, the affected parts of the globalized
chains may be replicated in triggering the smart
contract that already exists in the decentralized secure
ledger of blockchain between the company and an AM
bureau hub to produce disrupted critical parts. This
would increase the resilience of chains because it will
automatically shift to localized production centres

[103].

4.10. Production in Long Tails

A manufacturing long tail as shown in Figure 4, i.e.,

the statistical representation of a power-law
distribution, in which the head represents the popular
products and tail depicts niche or low-demand
products in markets [103]. 3-D printing enables the
more efficient production of parts represented in the
tail of this graph. An example of the long tail niche that
does not have mass consumption is in the aerospace

industry. SpaceX rapidly produced (reducing the

period from months in traditional manufacture to just
a couple of days) stronger, more ductile and reliable
valve bodies for its space rocket engines using 3-D
printing. In using 3-D printing, the NASA supply
chains were simplified since thousands of engine parts
were 3-D printed closer to the launch site rather than
all over the globe. These niche parts were produced at
a fraction of cost since these could be produced in
small batches [74]. Thus, AM will support such long-
tail production in remote geographical locations that

may see disruptions from black swan events.

Long Tail Graph |

Production Scale Volume

Long Tail
Low Volume Niche Products

Degree of Customization

Figure 4: Example of manufacturing long tail graph

4.11. Prosumers

Most companies in healthcare and consumer goods
have leveraged 3-D printing to reconfigure their supply
chains to facilitate wide availability of options for the
consumer base, including capitalizing on the benefits
of reduced costs of 3-D printing hardware,
transportation costs, carbon offset benefits and an
exponentially growing database for printable objects
[35], [104]-[106]. 3-D printing infrastructure in supply
chains facilitates the movement of components as
digital designs over the internet rather than the physical
parts through a manufacturing chain. This process
results in improved flexibility, speed and resilience in
the chain [107]. In this co-creation process of 3-D
printing in the supply chain, customers themselves can
partake in the design or development process and thus
become prosumers, and the manufacturing shifts from
centralized production to micro-manufacturing [45],
[69]. The and decision

incentive alignment
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synchronization collaboration between two or more
partners has mutual benefits, helping anticipate and

manage disruptions in a chain [24].

4.12. Blockchain enabled 3-D

supply chain Management.

and

Blockchain technology works on distributed data
structure based on transactions in a peer-to-peer
network wherein the blocks are linked by
cryptographic algorithms and each node has the copy
of the transaction thereby making the transaction
records immutable [108]. Blockchain technology may
be used by companies to support peer-to-peer logistic
tracking information to enhance chain visibility [64].
Moreover, due to immutability of record storage across
nodes, it can be used to secure the data generated in the
machines, assets and

intelligent cyber-physical

intelligent transportation systems resulting in
improved security and resilience against black swan
events [109], [110]. The structure of blockchain is
decentralized creating multiple copies, thereby greatly
reducing the risk of a cyber-attack from hackers on a
single database [111]. Blockchain technology may
help companies in making the chains more resilient by
removing intermediaries to enhance the chain
efficiency and reduce network complexities and by
transforming  standalone = manufacturing  into
decentralized or open manufacturing. It may also
provide for mapping of chains to provide knowledge at
critical junctures at the onset of an unpredictable event,
shifting sourcing patterns away from the blocked or

unsuitable sources to suitable ones [112].

5. Results of the Review

Three-dimensional (hereafter 3-D) printing is one
technology to increase resilience and offset the costs
due to such disruptions. The 3-D process may enhance
the resilience of manufacturing supply chains to risks

posed by black swan events. It makes the chains

simpler by enabling consumers or factories to directly
produce goods using printers and digital designs
thereby obviating the need for steps between raw
material and consumers that are necessary for
traditional manufacturing chains. Moreover, on-site
printing of parts simplifies logistical considerations
and administrative preparation and the digitization of
the part design removes the need for intermediate
warehouses or complex multi-modal links [113],

[114].

6. Discussion

The concept of resilience is well entrenched in diverse
fields such as the study of material objects returning to
original shape after the application of stress,
environmental ecosystem ecology or societal rebound
in communities after an economic setback. Whereas
enterprise resilience strategies work well against
predictable recurrent risks, the unknown risks present
due to black swan events are best dealt with when
supply chains are designed through collaboration,
flexibility and visibility[115]-[117]. In their research
on the supply chain resilience, Hosseini and Khaled
(2019) highlight that among all the nodes—such as
sources of raw materials,

product design and

engineering organizations, manufacturing plants,
distribution centres, retail outlets, customers and
transportation—the weakest link in a supply chain in
the onset of a black swan event is the suppliers. This
was exemplified when Hsinchu industrial park in
Taiwan (critical supplier of 10% of world’s computer
memory chips) was struck with a devastating
earthquake, resulting in shortage of microchips

affecting global companies such as Dell, Gateway,

IBM, Apple and HP.

6.1. AM leads to merged phases of
production.
With 3-D printing in the manufacturing process, the

movement of components through the chains is in the
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form of digitized engineering rather than the physical
part itself, bypassing exposed suppliers to improve

resilience in the chain [107], [118].

3-D printing in manufacturing supply chains
introduces accurate and frequently updated visibility
of demand because customers can partake in the
development process thereby becoming prosumers
with the manufacturing only on product demand [45],
[69], [70] —thereby improving resilience in chains
[118]. The introduction of AM in manufacturing
merges the distinction between the phases of product
design and manufacture, resulting in shortened supply
lines. Also, co-customized production enhances the
capabilities for specialized parts or healthcare
products, making supply chains more resilient [119]—
[121], including during the COVID-10 pandemic

[122].

6.2. 3-D printing results in reduced
lead times with distributed
manufacturing.

Research shows that increased lead times in supply
chains results in decreased resilience [123]. The
massive floods in Ayutthaya, a manufacturing-centric
province in Thailand, or the massive earthquake in
Tohoku, Japan, both disrupted the flow of parts for
Toyota automobile manufacturing for months [124],
[125]. In both cases, the lead times of such parts would
have been greatly reduced by the adoption of 3-D
printing in the chain since it would enable the
production of such parts in the Toyota plant via on-site

manufacturing [79], [126], [127]

. The diminishing margins in manufacturing and
evolution in the way we do business has led brick-and-
mortar businesses and manufacturing companies to
globalize. This complicates sourcing (e.g., supplier
tiers and contracts), including the emerging need to
leverage and extract advantages from all corners of the

globe. Customers have added to the complexity by

demanding greater customization of products, wanting
these products faster (one day to one-hour deliveries),
shortening product life cycles and increasing switching

frequency across products and brands.

The supply chain can be considered to have five key

business processes: planning, sourcing of raw
materials, production of parts, deliveries and returns.
The hardest hit of these five business processes (having
a cascading effect on the entire chain) are the sourcing,
production and deliveries [128]. As supply chains
become more globalized, their exposure to the impact
of any one black swan event is greatly increased in any
one component of sourcing, production and deliveries.
Adoption of 3-D printing infrastructure mitigates such
risks and improves resilience by facilitating distributed
manufacturing (in-situ or at-home production),
shortening long supply chains by the digitization of
inventory and reducing processing steps. Chains are
more responsive and flexible through smart contracts
and production capability closest to market of mass-
customized products, facilitating delivering precisely

what a customer wants, where and when they want it.

7. Conclusion.

3-D printing reduces the complexity of supply chains
by reducing the inventory in a system. 3-D printing
also replaces several assembly steps with single tasks
thereby reducing process complexity and simplifying
chains. The simplification of supply chains by
reducing the number of nodes and links, increasing
visibility of demand, making manufacturing more
flexible, co-creation with customer, and postponement
all improve the resilience of chains. The induction of
AM, as well as DMHAM techniques of 3-D printing
and properties of self-assembly or self-healing in 4-D
printing, provide even further advances. Perhaps
COVID-19 and its impact on the supply lines across
the globe will be the watershed event that results in a

paradigm shift towards adopting 3-D printing for
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efficiency, transparency and agility in supply chains—

a core way to render them more resilient to the effects

of black swan events and for mitigating risks. The

findings in this literature review show that chains can

be simplified and made resilient to better withstand

black swan events through the adoption of 3-D

printing.
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