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Summary: The resilience of globally interconnected production net-
works to changes in their environment and internal disruptions is
an important research object in business and production science.
While many different measures to improve resilience have been sug-
gested in academic literature, effectively choosing measures to im-
prove production networks remains challenging. This contribution
analyzes measures to improve the resilience of production networks
proposed in the existing body of literature. The most commonly
suggested measures are discussed in detail. These measures are
structured in a conceptual framework to enable increased clarity
regarding the mechanics by which measures improve resilience and
to choose specific measures for a production network.
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Resilienzsteigernde Massnahmen in Globalen Produktionsnetzwer-
ken: Ein Literaturiiberblick und konzeptioneller Gestaltungsrahmen

Zusammenfassung: Die Resilienz von global vernetzten Produkti-
onsnetzwerken gegeniiber Verinderungen in ihrer Umwelt und in-
ternen Storungen ist ein wichtiger Forschungsgegenstand in der
Wirtschafts- und Produktionswissenschaft. Wihrend in der wissen-
schaftlichen Literatur viele verschiedene Massnahmen zur Verbesse-
rung der Resilienz vorgeschlagen wurden, bleibt die effektive Aus-
wahl von Massnahmen zur Verbesserung von Produktionsnetzwer-
ken eine Herausforderung. Dieser Beitrag analysiert die in der wis-
senschaftlichen Literatur vorgeschlagenen Massnahmen zur Verbes-
serung der Resilienz von Produktionsnetzwerken. Die am haufigsten
vorgeschlagenen Massnahmen werden im Detail diskutiert. Diese
Massnahmen werden in einem konzeptionellen Rahmen struktu-
riert, um mehr Klarheit iber die Mechanismen zu schaffen, mit
denen Massnahmen die Resilienz verbessern und um spezifische
Massnahmen fiir ein Produktionsnetzwerk auszuwahlen.

Stichworter: Resilienz, Robustheit, Globale Produktion, Produkti-
onsnetzwerk, Wertschopfungskette, Produktionsmanagement
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1 Motivation and Aim of Research

Disruptions in global production networks arise from a "combination of an unintended
and unexpected triggering event that occurs somewhere in the upstream supply chain [...],
the inbound logistics [...], or the purchasing (sourcing) environment, and a consequential
situation, which presents a serious threat to the normal course of business operations of
the focal firm" (Bode/Macdonald 2017). For the management of production networks,
disruptions of any kind pose a serious threat to the profitability and survivability of
the business. They may be caused by natural disasters such as volcanic eruptions (Lund/
Benediktsson 2011) or fires (Filkov et al. 2020), but also due to human-caused events
such as logistics disruptions or even economic crises (Jiittner/Maklan 2011). Besides dis-
ruptions, other rapid changes in the environment present a challenge to the management
of global production networks. These changes may be caused by dramatic changes in
trade conditions such as Brexit or the recent trade conflict between the People's Republic
of China and the United States of America (Itakura 2020). Furthermore, sudden changes
in demand or changing legal conditions as well as supply shortages (Lobr 2011) may
threaten the well-balanced setup of production. Finally, common disruptions in supply
chains are a constant challenge for production network management (Peukert et al. 2020).
As these examples show, producing companies are highly vulnerable to changes in their
environment and need to navigate those challenges while maintaining profitability.

The ability of production networks to absorb, adapt to, and recover from disruptions
and changes of different lengths and magnitudes of impact is essential for the respective
companies' existence (Golan et al. 2020). Global production networks are particularly
vulnerable to disruptions due to their high interconnectedness worldwide and complexity
(Lanza et al. 2019). The vulnerability of a system, such as, in this case, a production
network, is composed of the potential impact and likelihood of disruptions (Sheffi/Rice
Jr. 2005). Knowledge and understanding of activities, measures, and tasks to improve
resilience provide insights into a company's strengths and deficits and help focus future
planning activities on lowering the vulnerability of the production network.

While the topic of resilience has been discussed in depth by literature on supply chains,
contributions with a production science background have not yet examined this aspect
in detail. To remedy this seeming negligence, this contribution examines the following
research question: Which measures exist, that increase the resilience of production net-
works and how do they work? To answer the former half, a quantitative literature review
is conducted, analyzing resilience measures commonly discussed in scientific literature.
Building upon the literature review findings, the contribution conceptualizes a framework
to aid the understanding and classification of resilience measures, addressing the later half
of the question. Additional measures to improve resilience not yet discussed as much,
specifically in the context of production network research, are then proposed.

The remainder proceeds as follows: Section 2 gives an overview of the relevant funda-
mentals and state of the art on resilience in production networks. In particular, global
production networks and supply chains, influencing factors, and the terms resilience and
robustness of production networks are defined. Furthermore, existing literature reviews
on these subjects are examined. Section 3 describes the quantitative literature review
as the used research method in detail. Section 4 presents the findings of the literature
research. Section 5 proposes a novel conceptual framework to classify resilience measures
and categorizes the measures found in the body of literature accordingly. Furthermore,
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additional measures that have not seen as much attention in the literature are proposed.
Section 6 provides a summary, shows the research limitations, and gives an outlook on
future research fields.

2 Fundamentals and State of the Art

Research on global production combines a multitude of fields and scientific streams of
discourse. Management theory, operations research, manufacturing engineering, and lo-
gistics are represented in global production management. The contemporary definition of
a global production network is a set "... of geographically dispersed production entities,
which are interlinked by material, information and financial flows." (Lanza et al. 2019)
Typically, the distinction is made between internal production networks, which legally
belong to one company, and external production networks, which also incorporate legally
independent stakeholders involved in the value creation process, such as suppliers, logist-
ics providers, distributors, collectors, and recovery plants (Vdncza 2014).

The concept of production networks has a significant overlap with the term supply
chain, originating from a more logistics-focused perspective. Research on supply chains
typically considers multiple companies, whereas production networks often take the per-
spective of a focal company. While research on supply chains is more focused on aspects
of the flow of goods between nodes, i.e., production and distribution facilities, produc-
tion network literature focuses on the nodes or actors themselves (Coe/Yeung 2015, 2;
Schonsleben 2016, 11). Thus, a supply chain resilience perspective is typically focused
on the resilience of the entire supply chain with all its connected entities. A production
network perspective, on the contrary, is typically concentrated on a focal company and
considers others in the supply chain outside the core concern. Whereas the supply chain
view is often limited to a single product and has to manage all disruptions within that
system a production network perspective can consider multiple products to offset some
types of disruption. Nevertheless, both streams of research have significant overlap, so this
contribution considers both of them as valuable inputs for the discussion of resilience in
global production networks.

The management of global production networks involves various decisions interlinked
with different company functions, time horizons, decision objects, and management levels.
According to Friedli et al. (2014), there are three core tasks of designing and operating
global production networks. Production strategy decisions include long-term decisions
regarding the interactions between markets, product portfolio, technological capabilities,
and business strategy. Network footprint decisions define the physical shape of the pro-
duction network, the location and overall capacities of different sites, and the allocation of
value creation processes. Network management is concerned with operative and coordin-
ative production planning and order management, and supplier and logistics management.

Today's production networks exist in a complex environment that constantly interacts
with them. Lanza et al. (2019) identify six distinct types of influencing factors, which
shape production networks. Markets and market developments describe the interaction of
producers and consumers of products, including competitive pressures and technological
changes. Location-specific cost factors such as labor and capital costs, material and energy
costs, and coordination and communications cost significantly influence global production
networks. Logistics, describing the costs, availability, and lead times of transportation
also shape global production networks. Furthermore, cultural factors like the employees'
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qualification level and staff turnover also play an essential role. Legal factors, such as the
prevalence of corruption, the protection of intellectual property, and the importance of the
rule of law can shape production management decision-making. Finally, political factors,
such as taxes, subsidies, standards, political stability, environmental regulations, and trade
barriers, can significantly alter the shape of production networks.

Resilience and robustness are two terms commonly discussed in the context of supply
chains. Both are sometimes used interchangeably, yet the terms contain significant differ-
ences (Datta 2017). In the context of this paper, robustness will be understood as a
system's ability to deliver high performance under varying inputs (Stricker et al. 2015).
A production network that is robust against demand fluctuations could, for example,
produce at costs below the market price irrespective of the capacity fluctuation. In this
sense, the robustness of a system refers to its passive ability to tolerate different environ-
mental conditions at high system performance. The resilience of a system, in contrast,
describes its ability to maintain a high level of performance through changes of its state
(Tukamuhabwa et al. 2015). It must be able to adapt actively to a changing environment.
An example of a resilient production system regarding demand fluctuation would be one
that could add or retract production capacity depending on current capacity utilization.
In the remainder of this work, robust systems are subsumed under resilient systems since
making a system more robust would improve its resilience.

Several contributions have offered an overview of resilience measures in supply chains.
Rist et al. (2014) provide an overview of resilience measures, primarily focusing on the
ecological resilience of production and sustainability. Li/Zobel (2020) model supply chains
as infection chains and conclude insights regarding supply chain length and diversifica-
tion. Datta (2017) discusses several intervention types and mechanisms that enable im-
proved outcomes based on a systematic literature review. Several general interrelations are
discussed, and suggestions to improve resilience are given. Ponis/Koronis (2012) identify
nine supply chain capabilities that support resilience. Ali et al. (2017a) present a detailed
analysis of the state of the art regarding supply chain resilience. The authors also con-
clude with a mapping framework, but do not implement production-related knowledge.
Other authors like Tvanov et al. (2017a) analyze the state of the art of tools to support
disruption management in supply chains but lack a managerial overview of measures for
achieving resilience in production networks. While several reviews of resilience measures
exist, they primarily focus on the supply chain perspective and cannot provide a more
production-focused categorization of approaches.

3 Research Process

This research uses a systematic literature review to determine existing measures to im-
prove robustness and resilience (see Figure 1). The method adapted from Mober et al.
(2009) was focused on obtaining a broad range of proposed measures, so the reasons
for exclusion were tailored towards that goal. The initial set of contributions was identi-
fied based on a keyword search on Scopus. The keyword combination required either
"robustness" or "resilience" and either "supply chain," "production network," or "global
production." This combination of keywords was selected to incorporate a wide range of
perspectives on resilience in global production networks. Only journal contributions in
English published between January 2010 and February 2021 were included to limit the
scope. To further reduce the search and eliminate entries not relevant for the management
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of global production networks, the subject area was limited to "Business, Management,
and Accounting." This search yielded 758 results. The list of results was further reduced
in a title-based screening to 471 relevant contributions. Thirty-five contributions were ad-
ded through a backward search in that selection. Of the resulting 506, 260 were available
for download and further investigated in this study. All 260 were screened according to
whether they provided insights into potential measures to increase resilience in production
networks. 143 were found applicable and are the basis for this literature review.

Backward

Total Keyword-based search-based
STEP 1 758 758
Keyword-based identification Contributions Contributions
STEP 2 471 471
Titel-based screening Contributions Contributions \
STEP 3 506 471 35
Addition through backward search Contributions Contributions Contributions
STEP 4 260 230 30
Contribution aquisition (download) Contributions Contributions Contributions
STEP 5 143 138 5
Content-based eligibility check Contributions Contributions Contributions

Figure 1: Selection and review process adapted from (Moher et al. 2009)

The results of this literature review are displayed in the subsequent section. The contribu-
tions were examined regarding their general characteristics and whether they proposed
measures to increase resilience. In a first part of the research, distinct measures were col-
lected. Subsequently, measures proposed in other contributions were examined, whether
they aligned with already defined measures or whether new categories were necessary.
This way, the list of measures was continuously updated and refined throughout the
measure screening process. The identified measures are described in section 4. A conceptu-
al framework was developed to structure the measures, sorting them based on existing
conceptual models for production network management and resilience. The framework
is based on existing structuring of influencing factors in global production networks and
relevant management tasks. Furthermore, a structure to describe how different measures
fundamentally influence a production networks resilience was developed based on theor-
etical modeling. The resulting framework was subsequently used to identify potential
measures underrepresented in literature to enhance further production network resilience
based on open expert interviews.

4 Results
4.1 Publication Characteristics

In this section, an overview of the body of literature examined here is given. For compar-
ability, only contributions found through keyword-based identification are used. Figure 2
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shows the year-wise distribution of publications for steps two, four, and five of the literat-
ure review process presented in Figure 1. The resulting distribution shows an increasing
interest in the topic of resilience in supply chains and production networks, which concurs
with findings of other reviews on the subject (Kamalahmadi/Parast 2016; Ali et al. 2017a).
The recent surge in publications is not entirely reflected in the final selection due to the
limited availability of more current contributions for download.

One can conclude from the publication characteristics, that the importance of resilience
measure contributions increased from 2010 to 2019. After this initial slow increase, there
is a significant surge in contributions more recently. This may be a result of the on-going
COVID-19 pandemic which shows the need for resilience supply chain structures and
global production networks. The drop in 2021 can be explained by the short time horizon
which was analyzed in the year 2021. Supposedly, there will be more contributions com-
ing 2021 with a focus on resilience due to the pandemic and its impacts on industry.

120

100

80

Step 2 60
m Step 4

m Step 5 40

2 I. I
=B EERNRRNSN G

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Contributions from backward search are excluded

Figure 2: Year-wise distribution of contributions after the title-based screening (step 2),
downloadable status (step 4) and content-based eligibility check (step 5)

411 Applied Methods

Figure 3 reflects the methods applied in the examined contributions in total and separated
in three time periods. Practice-focused methods like conceptual modeling, case studies,
and surveys play an essential role, while more theoretical and quantitative approaches
are not prevalent. It lays in the nature of these more qualitative approaches to develop
and propose dedicated resilience measures, as these approaches are often frameworks or
generic models. More quantitative approaches, like optimizations, quantitative modellings
or simulations, focus on the mathematical optimum of resilience in supply chains or other
structure and neglect the proposal of dedicated resilience measures. Therefore, the number
of these references is relatively low. Figure 3 shows that as the topic of resilience has
matured, the share of case studies has declined while the share of conceptual models
and reviews has grown. This is a typical development to be expected as more and more
research on a topic appears.
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Figure 3: Applied methods of selected contributions in total and per time period.

One can conclude from the overview of the methods that qualitative approaches and con-
tributions are more suitable for deriving measures in the topic of resilience management.
Therefore, also the present approach builds upon a quantitative literature review to obtain
qualitative measures.

4.1.2 Types of Disruptions / Environment Changes

Upon scrutiny, it becomes clear that the disruptions and environmental changes the con-
tributions consider differ significantly. The types of issues can be broadly categorized
into supply-side, demand-side, and internal challenges. This categorization is based on
the view of a production network as an input-output model, which attains components
from suppliers and orders from their customers. The origin of any unplanned occurrences
can then be attributed to one of those three. As Figure 4 shows, a majority of the
contributions focuses on supply-side issues while only a smaller subset concentrates on
demand-driven challenges. Even fewer articles consider internal disruptions and changes.
Due to their perspective, the supply chain focused contributions foremost consider issues
on the supply-side as these issues can be resolved through logistic solutions and better
information exchange between supply chain partners as the subsequent sections will show.
The apparent lower priority of demand-side and internal issues could also be explained
by the nature of issues that arise there. They are typically less dynamic like changes in
demand or do not affect as many supply chain partners like internal machine. Concluding,
the reason behind less attention to internal and demand side issues is not clear while more
attention to those types of issues may be beneficial.
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Figure 4: Considered types of disruptions or environmental changes by point of origin in
the value stream

4.2 ldentified Measures

In this section, the identified measures are discussed. As Table 1 shows, a broad range
of measures is proposed in the body of literature. These measures are not all understood
uniformly in the literature, and significant overlap exists. Therefore the measures found in
the body of literature are described using the most suitable descriptors, which may not be
used in all sources describing the measures.

The most commonly mentioned measure is supply chain collaboration. In contrast to
supply chain coordination, which focuses on operational issues, collaboration refers to the
integrated work of multiple parties under consideration of different strengths and weak-
nesses. However, establishing a collaborative supply chain culture remains challenging as
companies seek to protect their competitive interests (Duong/Chong 2020).

The interaction of multiple supply chain parties is also a theme of some other meas-
ures. A common one is multiple sourcing. Here, more than one supplier is available for
each item, decoupling downstream processes from the issues at suppliers (Liicker/Seifert
2017). Often, suppliers with very different risk and performance profiles are combined
to reduce vulnerability to supply chain disruptions (Namdar et al. 2018). Scalable produc-
tion volume refers to the ability to change the capacity of the production systems to
accommodate higher volumes (Scavarda et al. 2015). Flexible routing is the ability to
allocate orders to different factories or suppliers in a production network, allowing for
swift reactions to fluctuating demand profiles or disruptions in the network (Khalili et
al. 2017). In combination with diversification and redundancy, flexible routing shows
an even higher potential to circumvent disruption and stabilize the production network
(Chowdbury/Quaddus 2016; Han et al. 2020).

An approach to limit the exposure to failure points in the supply chain is to create short
supply chains in terms of the number of suppliers and the lead times (Chang/Lin 2019).
This is achieved through high degrees of vertical integration either of the focal company
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or its direct suppliers. However, this can increase the risks associated with technological
shifts and changes in the market's competitive landscape. Strategic stocks are another
option to limit supply-side problems. However, they may also negatively affect the ability
to adapt to new market conditions quickly (Xu et al. 2014).

Some technical approaches to increase the speed of adaptions to changing conditions,
as well as the span of possible states, also exist. Agile factory concepts promote factories
that are quicker to raise, expand and shrink than typical factories. Hence the sluggishness
typically associated with production networks can be remedied (Fujimoto/Park 2014).
Technological manufacturing flexibility allows the creation of parts at several sites using
location and production volume-adapted technologies, such as more generalist or specific
production equipment (Chowdhury et al. 2021). Product modularity can also facilitate
a reduction in exposure to market shifts and enable a reduction in stocks by sharing
components between products (Khan et al. 2012).

Measure Description # Sources

Short supply chains shorten previously very long supply

chains to reduce complexity. Thus, the situation for relev-
Short Supply  ant suppliers is easier to monitor, and fewer points of fail- -
Chains ure exist. Short supply chains can be achieved by main-

taining a high-value creation share in-house and partner-

ing with strong suppliers offering complex components.

1,14, 18, 26, 32, 55, 137

Diversification minimizes the dependency on a specific

market, a single supplier, or an industry. Accordingly, sus- 1,2,6,9,12,18, 26,27, 30,
Diversifica- ceptibilit'y is §trengphened since, in the event of a market 31, 33, 41,47, 53, 54, 55, 57,
tion/ Redund- ©F supplier disruption, only parts of the p_roductlon anql 44 60, 61, 62, 64, 65, 67, 68,73,
ancy company are affected. Complete pandemics or worldwide 74,78, 81,91, 95, 100, 101,
sales crises can be better managed, but the appropriate di- 103, 105, 113, 116, 126, 129,
versification is difficult to assess in advance as a tradeoff 130, 132, 133, 135, 137, 140
with costs exists.
Product Modularity supports stability by allowing mod-
Product ules to be flexibly allocated between products. Thus, less
Modularity demanded products are not manufactured, but products N 29,47,65,76,137
in demand can be manufactured using the same modules.
An increase in modularity is a strategic issue.
6,13, 14, 17, 22, 26, 29, 30,
Strategic .fgltmtegig Sto_cks can buffer critical products to cushion Z%: 2;‘: 2? g;: 2;: ';g: ;’z: égz
uctuations in demand or avoid increased factor costs. 41
Stocks Accordingly, the stability of the system is i d 88, 89, 96, 97, 100, 101, 104,
& ¥ YStem 1s Increased. 105, 110, 114, 116, 123, 127,
129, 135, 137, 140, 142
A contingency plan's mere definition facilitates a quick
response to unexpected disruptions. For example, teams 1,6,9, 16,20, 22, 30, 35, 47,
Contingency prepare to.deal with disruptions and, if necessary, shift 49, 52, 53, 63, 66, 68, 82, 86,
Plans capacities in the network or use the mobility of resources. 35 87, 92,93, 97, 102, 104, 105,
This management-oriented approach allows to react to 106, 107, 118, 124, 125, 126,
influences from politics or legal factors and propose tar- 127,131, 132,133, 137
geted solutions.
Flexible Routing enables the shifting of production 2,3,6,8,12,13,14,17, 25,
Flexible vplumes across differenF sit;s. This measure Fequires a 27,29, 30, 31, 34, 35, 52, 57,
Routing high degree of standardization. Production sites can thus 33 60, 63, 75, 80, 85, 86, 97, 101,
absorb market disruptions such as the COVID-19 pan- 110, 114, 120, 123, 127, 130,
demic occurring elsewhere. 135,137
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Measure

Description

# Sources

Supply Chain
Collaboration

Agile Factory

Technological
Manufactur-
ing Flexibility

Scalable
Production
Volume

Traceability/
Transparency

Supply Chain
Coordination

Predictive
Analytics

Proactive
Disturbance
& Risk
Management

500

Supply Chain Collaboration describes the close interre-
lations between different parties in the supply chain,
extending beyond simple buyer-supplier relations. It en-
ables the rapid detection of faults at any point in the
supply chain. Through open communication, problems
are communicated promptly through the network, which
supports all collaborating partners. Resources and know-
ledge can be shared effectively, supporting the success of
all participants.

Agile Factories are characterized by quick setup and
change times for local production. The manufacturing
technologies used for these factories are optimized for
quick implementation, standardization, and low employ-
ee requirements. They allow companies to quickly change
the structure of their production network and serve local
markets.

Technological Manufacturing Flexibility refers to the abil-
ity to produce at several different locations. This ability
can be achieved through the standardization of produc-
tion equipment and the utilization of different production
technologies appropriate for different locations.

Scalable Production Volume allows production systems
to adapt to higher and lower volumes and corresponding
product variance degrees. For example, production lines
can be automated using converters as soon as customer
demand increases or decreases. The corresponding change
enablers must be planned and implemented.

Traceability and Transparency, also referred to as visibil-
ity, denote the ability to describe the processes in a specif-
ic product lifecycle using data and make that data avail-
able to many applications. Traceability can increase the
transparency regarding proceedings in the supply chain
and enable better decision-making.

Supply Chain Coordination improves the overall per-
formance of the entire supply chain by coordinating pro-
duction planning activities between partners. The supply
chain from the first supplier to the customer is analyzed
and optimized holistically. A common focus is on in-
ventory management, quality management, and technical
change management.

Predictive Analytics exploits historical data to predict
future events. Historical data on suppliers, markets, or
factor costs can be used to predict future developments.
The predictions allow the definition of management ac-
tions to counter these developments.

Proactive Disturbance Management can also be used on
the network management level to anticipate disturbances.
Through suitable scenario management and the provision
of, e.g., jumpers for the loss of employees in a production
line, the impact of disturbances may be reduced. These
actions require comprehensive knowledge of the different
challenges that may occur and suitable options to lessen
their impact.
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1,3,4,5,6,7,8,10, 12, 13,
14, 16, 18, 19, 20, 21, 22, 24,
28, 29, 30, 31, 32, 33, 35, 36,
37,38, 39, 42, 43, 44, 45, 46,
50, 51, 53, 57, 58, 59, 69, 71,
72,74,76,78, 81, 82, 83, 85,
86, 87, 91, 94, 95, 97, 99, 101,
102, 103, 104, 105, 106, 107,
108,109, 111, 112, 115, 116,
117,118, 119, 120, 122, 124,
125, 126, 133, 135, 136, 137,
138, 140, 141, 143

86

8 7,47,53,78,84,109, 122, 138

7 9,32, 46,47, 57, 85,137

6, 8, 20, 29, 31, 46, 51, 58, 59,

13 85, 88,102, 115

7 1,6,8,23,101, 123, 136, 137

6,7,13,25,29, 32, 46, 55, 56,
65,69, 75, 85, 101, 104, 114,

2% 116, 121, 132, 133, 136, 137,
140
6 6, 18,29, 42, 87, 137

1,4,6,9,11, 18, 20, 23, 29,
32, 33, 36, 38, 45, 46, 49, 53,
58,59, 64, 71, 74, 77, 81, 83,

45 90,92, 93,102, 104, 105, 106,
109, 112, 119, 120, 122, 123,
124,125, 126, 131, 137, 138,
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Measure Description # Sources
Multiole Multiple sourcing reduces the dependence on single sup- 1,6,7,14,29, 30, 32, 33, 51,
S ur ?n pliers by buying one type of item from more than one 19 54,65, 67, 80, 84, 88, 95, 102,
ourcing supplier. 110, 125
Software Soft_ware solutions enable the digitally assisted det‘ection 6,11, 16, 32, 42, 47, 69, 81,
. of disturbances. Furthermore, it fosters collaboration 12
Solutions 86,99, 100, 108

between production plants and value stream partners.

SCRM culture may make the consciousness for change
. and risks more transparent in the employees' minds and

Risk . . .

everyday lives. It describes a comprehensive culture that
Management . S

takes risks along the whole supply chain into account
(SCRM) A . N

and encourages thinking about the impact of individual
actions on the entire chain.

Authors: 1: Abe/Ye (2013); 2: Adenso-Diaz et al. (2012); 3: Adenso-Diaz et al. (2018); 4: Adobor (2019);
5: Adobor/McMullen (2018); 6: Ali A. et al. (2017); 7: Ali L. et al. (2017); 8: Alvarenga et al. (2018);
9: Amalnick/Saffar (2017); 10: Andersson et al. (2014); 11: Annarelli/Nonino (2016); 12: Azadeh et al.
(2014); 13: Azevedo et al. (2013); 14: Azevedo et al. (2016); 15: Bailey/De Propris (2014); 16: Belhadi
et al. (2021); 17: Berle et al. (2013); 18: Bevilacqua et al. (2020); 19: Bhattacharjya (2018); 20: Birkie et
al. (2017); 21: Brandon-Jon et al. (2014); 22: Brusset/Teller (2017); 23: Bihler et al. (2016); 24: Cainelli
et al. (2012); 25: Cardoso et al. (2015); 26: Chang/Lin (2019); 27: Chauhan et al. (2021); 28: Cheng/Lu
(2017); 29: Chowdhury/Quaddus (2015); 30: Chowdhury/Quaddus (2016); 31: Chowdhury/Quaddus
(2017); 32: Chowdhury et al. (2021); 33: Christoph et al. (2004); 34: Christopher/Holweg (2017); 35:
Colicchia et al. (2010); 36: Das (2018); 37: Das (2019); 38: Datta (2017); 39: de S4 et al. (2018); 40:
De Sanctis et al. (2018); 41: Dolgui et al. (2018); 42: Dubey et al. (2021); 43: Duong/Chong (2020);
44: Durach/Machuca (2018); 45: Durach et al. (2015); 46: Ekanayake et al. (2021); 47: Fujimoto/Park
(2014); 48: Gimenez-Escalante et al. (2020); 49: Golgeci/Ponomarov (2013); 50: Golicic et al. (2017);
51: Gunasekaran et al. (2015); 52: Gunessee et al. (2018); 53: Han et al. (2020); 54: Hasani/Khosrojerdi
(2016); 55: Hearnshaw/Wilson (2013); 56: Heckmann et al. (2015); 57: Hohenstein et al. (2015); 58:
Huang/Farboudi Jahromi (2021); 59: Huatuco et al. (2010); 60: Ishfaq (2012); 61: Ivanov (2017); 62:
Ivanov (2018); 63: Ivanov (2020); 64: Ivanov/Das (2020); 65: Ivanov/Dolgui (2019); 66: Ivanov et al.
(2016); 67: Ivanov et al. (2017); 68: Ivanov et al. (2019); 69: Iyer (2011); 70: Jabilles et al. (2019); 71:
Johnson et al. (2013); 72: Juttner/Maklan (2011); 73: Kahiluoto et al. (2020); 74: Kamalahmadi/Parast
(2016); 75: Khalili et al. (2017); 76: Khan et al. (2012); 77: Khemiri et al. (2017); 78: Kochan/Nowicki
(2018); 79: Komoto et al. (2011); 80: Kumar et al. (2013); 81: Kwak et al. (2018); 82: Lam/Bai (2016);
83: Leat/Revoredo-Giha (2013); 84: Li et al. (2011); 85: Li et al. (2017); 86: Loh/Van Thai (2014); 87:
Lotfi/Saghiri (2018); 88: Liicker/Seifert (2017); 89: Macdonald et al. (2018); 90: Mandal (2017); 91:
Mandal/Sarathy (2018); 92: Mangla et al. (2014); 93: Manning/Soon (2016); 94: Matsuo (2015); 95:
Namdar et al. (2018); 96: Nejad/Kuzgunkaya (2015); 97: Norrman/Wieland (2020); 98: Pal/Torstensson
(2011); 99: Papadopoulos et al. (2017); 100: Park et al. (2020); 101: Pereira et al. (2014); 102: Pett
et al. (2010); 103: Ponis/Koronis (2012); 104: Purvis et al. (2016); 105: Rajesh (2016); 106: Rajesh/
Ravi (2015); 107: Rajesh et al. (2015); 108: Ralston/Blackhurst (2020); 109: Sabahi/Parast (2020); 110:
Saboubhi et al. (2020); 111: Sahu et al. (2016); 112: Sahu et al. (2017); 113: Salehi Sadghiani et al. (2015);
114: Saw et al. (2013); 115: Scavarda et al. (2015); 116: Schmitt/Singh (2012); 117: Scholten/Schilder
(2015); 118: Scholten et al. (2014); 119: Scholten et al. (2019); 120: Sharma/George (2018); 121: Shi et
al. (2020); 122: Shin/Park (2021); 123: Shqairat/Sundarakani (2018); 124: Singh et al. (2018); 125: Siva
Kumar/Anbanandam (2020); 126: Stone/Rahimifard (2018); 127: Ta et al. (2006); 128: Tan et al. (2016);
129: Tan et al. (2019); 130: Tan et al. (2020); 131: Thun/Hoenig (2011); 132: Torabi et al. (2015);
133: Tukamuhabwa et al. (2015); 134: Tukamuhabwa et al. (2017); 135: Urciuoli et al. (2014); 136:
Valipour Parkouhi/Safaei Ghadikolaei (2017); 137: Vlajic et al. (2012); 138: Wieland/Wallenburg (2013);
139: Wieteska (2020); 140: Xu et al. (2014); 141: Yuan et al. (2015); 142: Zamanian et al. (2020); 143:
Zeng/Yen (2017)

Supply Chain 4,9,10, 11, 18, 19, 20, 22, 23,
30, 40, 41, 43, 45, 52, 57, 58,

32 74,78, 84,90, 97, 105, 108,
112,118, 119, 120, 125, 126,

Culture 133,139

Table 1: Overview of measures to increase resilience proposed in the body of literature

In addition to structural adaptions, software solutions can also enable quicker responses
to changes in the production network (Iyer 2011). Those solutions reduce the dependence
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on manual detection of issues. Traceability and transparency in the supply chain allow for
an overview of current stock levels and production statuses and can both trigger and guide
decision-making in case of disruptions (Pereira et al. 2014). Predictive analytics can be
used to integrate external information and identify demand- and supply-side changes more
quickly (Ali et al. 2017a).

The final set of measures addresses company culture and management. Fostering a
holistic supply chain risk management culture that encourages employees to incorporate
risk in their decision-making can significantly impact the susceptibility of the production
network (Norrman/Wieland 2020). Central proactive risk management also helps to cre-
ate more resilient structures (Vlgjic et al. 2012). Contingency plans are an important
reactive measure, increasing the speed of companies adjusting to changes (Scholten et al.
2014).

Overall a broad range of measures is discussed in the body of literature. However,
all these measures come with specific tradeoffs in terms of production efficiency and
cannot address all types of challenges a production network is faced with. Many measures
focus on proactive disruption management by means of strategic stocks, proactive risk
management, flexible routing or, more generic, supply chain collaboration. Furthermore,
the identified measures help to react to disruptions without making big changes in the
configuration of the supply chain. Therefore, the changes are only minor. All these aspects
culminate in the fact that there is, so far, no common overview or framework which
summarizes relevant measures on all relevant levels in a production network. Concluding,
an overview of the available measures and their effects can help companies to design more
resilient production networks.

5 Conceptual Framework and Additional Measures
5.1 General Framework of Resilience Measures in Global Production Networks

As the previous sections have shown, several measures to improve resilience have been
proposed and studied. However, most contributions to this field of research come from a
supply chain background. Thus, while the measures are applicable in production network
management, they leverage supply chain-specific aspects to improve resilience, potentially
forgoing adaptions to production. Furthermore, it remains difficult for practitioners and
researchers to structure the measures to gauge which measures fit which types of issues
best and where potentials for improved resilience lie. Therefore, this contribution proposes
a framework to structure the measures in production networks to increase resilience. This
framework was derived using models commonly used to describe production networks as
well as a systematic understanding of mechanisms at play to increase resilience. They are
used to enable better understanding of the functionality of different measures with respect
to production networks.

The proposed framework uses the three production management tasks discussed by
Friedli et al. (2014) to define the enactment level at which measures are implemented.
Hence, measures can be assigned to either the production strategy, network footprint, or
network management level.

Additionally, different types of issues measures address can be distinguished. A differen-
tiation can thereby be done by discerning between supply-side, demand-side, and internal
challenges. However, a more detailed distinction is possible using the influencing factors
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described by Lanza et al. (2019). Any type of disrupting event or change in the production
networks acts upon the network through these influencing factors. Thus, different meas-
ures can increase resilience concerning the influencing factors. As described above, the
six influencing factors for production networks include markets and market development,
cost factors, logistics, political and governmental factors, legal factors, and people and
culture. While other classification schemes for challenges and disruptions are also possible,
as, for example, discussed by Kochan/Nowicki (2018), this categorization ensures applic-
ability to the research on production networks.

To further distinguish measures, the mechanisms that make systems more or less cap-
able of successfully withstanding outside disruptions are captured. As discussed in section
2, other contributions have proposed similar concepts but often lack generality as they
focus on one or several aspects of production systems. Here, production networks are
considered as a system subjected to outside influences originating in their environment.
Systems can use mechanisms that improve performance in case of changing requirements
to become more robust and resilient. Several mechanisms are described in the existing
literature (Ponis/Koronis 2012; Tukamubabwa et al. 2015; Kamalahmadi/Parast 2016),
but those mechanisms sometimes overlap each other and are already focused in the
supply chain as the object of interest, hence losing a more generalist perspective. Thus,
this contribution proposes to distinguish five mechanisms that support the resilience and
robustness of an abstracted system and uses that abstract categorization for specific meas-
ures in the context of production networks. These mechanisms are derived from general
system properties that contribute to its resilience. Figure 5 shows a system under varying
requirements over time. These requirements include the general condition a system is
expected to perform in as well as the desired results. In reality, the requirements are
multidimensional but for simplicity they are shown as one-dimensional here. Disruption
or longer term changes in the requirements challenge the resilience of the system. The
system can either tolerate changes passively or actively adapt corresponding to its robust-
ness and resilience. Considering the example of Figure 5, five fundamental properties that
influence the systems robustness and resilience were identified. These properties align with
observations other contributions have made concerning important features of resilient
systems.

= Susceptibility: This characteristic describes the degree to which outside influences affect
the system. Systems can lower their susceptibility or vulnerability by decreasing the
volatile and possibly disruptive influences they are subject to (Sheffi/Rice Jr. 2005). Less
susceptible systems consequently behave more robust.

= Stability: The stability of a system describes whether the system can balance outside
influences through inner mechanisms such as flexibility. Stable systems may be subject
to changes, but they can tolerate these inputs without changing their state. (Stricker et
al. 2015)

= Speed: This describes the system's capability to quickly reach another state once a
decision for change has been made (Klibi/Martel 2013).

» Span: The span of possible states a system can adapt to describes how far a system
can change in the face of disruptions. It describes the limits of a system's state space
(Lanza et al. 2019).

= Sensitivity: The sensitivity describes the system's ability to perceive environmental
changes that it needs to quickly adapt to and define the direction of its own change.
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Sensitive systems perceive threats long before they have disruptive effects on it.
(Schub et al. 2018)

A resilience measure can increase the resilience through five corresponding mechanisms,
which are decreasing the susceptibility to changes, increasing the stability of the system
facilitated by flexibility with regards to tolerated inputs, increasing the speed a system
can change its state to adapt to new situations, increasing the span of states a system
can adapt to, and increasing the sensitivity of the system to perceive outside changes and
initiate reactions.

<«— SENSITIVITY &>

<— SPEED —; IEI SPAN i
%

>
>

SUSCEPTIBILITY

Requirements

M

w STABILITY |
Flexibility of
current state

Range of
feasible states
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A
A 4

Perception and Reaction Time

> Adaption Time

Figure 5: Mechanisms to improve system resilience shown in a visualization adapted from
(Lanza et al. 2019)

Figure 5 shows how these mechanisms can lead to improved robustness and resilience. As
long as the requirements are within the flexibility range of the system, the system behaves
robustly. As soon as the change exceeds this limit, the system needs to adapt and does
so with the delay of perception, reaction, and adaption time (Lanza et al. 2019). The
visualization also demonstrates that mechanisms might interact. A lower susceptibility, for
example, may lead to lower requirements for the other characteristics, whereas a higher
speed might enable a system to make use of its entire adaption span. Improving any
of the production networks mechanisms can lead to better resilience. However, the differ-
ent mechanisms may address different types of challenges better or worse. Decreasing
susceptibility may be suited to relieve the necessity of other mechanics as a less susceptible
production network will be subject to fewer issues to overcome. Stability increase should
focus on compensating issues that occur regularly and require fast changes that would
exceed the ability of the system to change. Sensitivity and speed increase should go hand
in hand as excessively optimizing one without the other would show diminishing returns.
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The span finally should be optimized for the relatively slow but sweeping changes the
production network needs to adapt too and serve as a last line of “defense”.

The overall framework depicted in Figure 6 categorizes measures by their level of
enactment, their addressed influencing factors, and the utilized mechanism to improve
resilience. A measure such as traceability and transparency is implemented at the operative
network management level. It helps to address challenges from logistic influences and dis-
ruptions and to legal challenges in the case of product recalls, for example, and improves
the resilience of the production network. This improvement is achieved by increasing
the sensitivity with which challenges are recognized, and appropriate responses are desig-
nated. The measures identified in the review are characterized in this way in Table 2.
Here, every measure is linked with influencing factors it addresses, its enactment level and
the mechanisms it uses. In several cases, a measure that addresses multiple influences is
implemented on more than one level and utilizes more than one resilience mechanism.
For example, supply chain collaboration is implemented first at a strategic level, where
companies agree to work together closely for mutual benefits and operationalized on the
network management level. Such collaboration can then increase stability, as collaborative
supply chains are subject to fewer late discovered disruptions and span and speed as the
collaboration enables coordinated reaction to problems and a broader range of configura-
tion by organizing all partners in the network.

Sensitivity

Figure 6: Framework to structure resilience measures by addressed influences, utilized
mechanisms, and level of enactment

For researchers, this framework may offer a clearer understanding of the ways different
measures impact the resilience of production networks. It can also show which types of
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combinations are not explored to their potential and direct future research. For practition-
ers, this framework can be used to categorize and assess current efforts to increase the
production network resilience and match them with the company's strategic objectives.
Also, it may help to identify additional measures that are unused.

The structuring of measures in Table 2 allows some general observations. Many of
the measures mentioned most commonly like supply chain collaboration, supply chain
coordination, contingency plans, and flexible routing first and foremost increase the
speed. These measures prepare the network to react more quickly when a disruption
has occurred. They are also what could be considered typical supply chain perspective

Influencing Factors Level Mechanism
-
=
- ! e =] )
2. g . Eol8 £ E|.
S8 2 4 8 8 32|58 & PIE . oz
= S & & 5 O%|s 8§ E|FE &£ o 0w
g O 8 = = m|lg = S| = &8 & 9
Measure B o - S R B8 2 Sla 2 7 oa g
29 8 & § = =8|E = 8 & g v &
235 8 = £ » 8|8 ¢ ¥z s 3
EA B 2 Eg|T E ¢|3
s O 3 e 3 E
~ £ Z 3
Z
Short Supply Chains X x x X
Diversification / Redundancy X x | x x X X X
Product Modularity x X X X X
Strategic Stocks X X X X X
Contingency Plans X x X
Flexible Routing X X X X X
Supply Chain Collaboration X X X X X X
Agile Factory x x X X
Technological Manufacturing
Flexibility < x X X
Scalable Value Creation
Depth X X X X X X
Scalable Production Volume x < X
Traceability/Transparency X X X X
Supply Chain Coordination % X %
Predictive Analytics x x X X
Disturbance & Risk Manage-
ment X b'e X X X X
Multiple Sourcing X X X X X X X
Software Solution X X X X
SCRM Culture X X X X X

Table 2: Classification of measures by addressed influencing factors, enactment level, and
resilience mechanism
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measures that focus on logistic based disruptions. Another group of measures that are en-
acted on the strategic level receive less attention but can also improve span and speed of
adaptions and address challenges beyond logistics like factor costs and market and market
developments. These measures are diversification and redundancy, product modularity,
technological production flexibility, and scalable value creation depth. Measures increas-
ing sensitivity such as predictive analytics, traceability and transparency, proactive disturb-
ance management, and SCRM culture also exist but seem to concentrate on the manage-
ment level.

It seems there is a lack of measures concentrating on decreasing susceptibility, as minim-
izing the exposure can be the most elegant solution to disruptions. Additional measures
in this space could be enacted on the strategic and footprint level and make networks
more resilient without the constant need for attention. Also measures that improve the
sensitivity, speed and span of networks with regard to long-term changes in markets but
also political factors and factor costs could significantly benefit production networks. In
the following section a number of additional measures is proposed that could fill the
described gap.

5.2 Additional Measures

As explained above, much of the existing literature on resilience in the context of produc-
tion networks is originating from a supply chain perspective. While many of those meas-
ures are applicable in a more production-focused view, considering aspects of production
as levers to increase resilience can uncover additional potential. Thus, several measures
that have not yet been explored in the literature concerning their contribution to resilience
are proposed here. The authors propose these additional measures based on their own
research experience and discussion with other academics and practitioners. They resemble
the difference between production network and supply chain perspective, as many of
them either focus on potential for resilience increase through changes at the nodes of the
network or concentrate on a focal company. There expected effect on production network
resilience is described briefly in the following paragraphs and illustrated in Table 3.

Production as a Franchise is a concept where production capabilities are outsourced to
partners while processes are standardized (Dant 1996; Versaevel 2002; Ganebnykh et al.
2018). On the one hand, this increases the ability to change production capacities at dif-
ferent locations, increasing speed. On the other hand, the susceptibility to market-based,
legal and political risks is reduced.

Local for Local in the sense of local production for local markets allows companies
to isolate themselves from risks regarding the trade relations between countries (Crouch
2003; Sedita et al. 2014). Local for local production involves creating a regional supplier
structure and focusing on the local market and its needs, minimizing the length and
complexity of the flow of goods. This measure increases robustness to market changes and
transportation but also trade barriers.

Closed-Loop Manufacturing denotes value chains that can reuse the products after us-
age (Yavari/Zaker 2019; Gaur et al. 2020). Today, this practice is most common in indus-
tries with high material value and where the used materials can be recycled easily. In the
future, when the limitations of finite resources become increasingly apparent, closed-loop

manufacturing can become an even stronger concept to become independent of resource
scarcity (Klenk et al. 2020).
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Predictive Maintenance reduces the susceptibility to internal disruptions by continually
monitoring the respective production processes and anticipating suitable approaches to
reduce the risk of failures (Chukwuekwe et al. 2016; Passath/Mertens 2019). The depend-
ency on factor costs can be minimized by reducing the required inputs. This measure can
be implemented worldwide to make the best possible use of given factor costs. In the field
of action, this measure focuses on the information between production lines and sites to
improve network resilience.

Decentralized Decision-Making supports fast ways of communication, making problems
transparent quickly (Verbaelen et al. 2021). In a decentralized decision setting, individual
production sites have a high degree of autonomy, which they use for straightforward
problem-solving. (Maritan et al. 2004; McDonald et al. 2008; Lanza et al. 2020) Different
cultural influences and markets can be managed at the point of interest with the best
possible knowledge.

Multimode Transport reduces the dependence on individual transport systems. Thus,
worldwide restrictions in air traffic, for example, can be circumvented by rail or truck.
Additionally, multimode transportation allows producing companies to circumvent ma-
terial shortages, for example, through emergency deliveries or buffer excess material
occurring due to own production delays (Ishfag 2012; Wan et al. 2018). In addition
to the influences from the area of transport, this measure in network management also
shows interactions with the market side since demand changes can be buffered by using
differentiated transport forms.

Lean on Capital Production describes the conscious forgoing of capital-intensive pro-
duction processes (Danese/Vinelli 2009; Rist et al. 2014). By focusing on technologies
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Production as a Franchise X X X |x X X
Local for Local X X X | x x X
Closed-Loop Manufacturing X X | x X
Predictive Maintenance X x | x
Decentralized
Decision-Making b b X b X b
Multimode Transport X b X X
Lean on Capital Production b X X X
Digital Twin for Production
Networks X X X X X

Table 3: Classification of additional measures by addressed influencing factors, enactment
level, and resilience mechanism
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with low fixed costs and using resources based on flexible leasing models, the reliance of
profitability on a specific production volume can be decreased, and the span of feasible
volumes is extended.

Digital Twin for Production Networks describes automatically synchronized network
models for quantitative decision support (Benfer et al. 2019; Lu et al. 2020). These
tools can help managers to identify problems and opportunities for change and assess the
impacts of their decisions.

The aforementioned measures focus on the internal part of a supply chain or production
network with a strong focus of production as lever to increase resilience. Furthermore,
more digital approaches like the digital twin, predictive maintenance or decentralized de-
cision-making may enhance the possibility to react to external disruptions within company
boundaries and, thus, increase resilience.

6 Discussion

The review of existing literature shows that the topic of resilience and, by extension,
robustness has been studied extensively in the supply chain-focused community. Several
measures exist that focus on changes to the supply chain to enable increased resilience.
However, research from the production science community has so far not examined
the topic as thoroughly. Thus, through integrating supply chain-focused measures in a
production network framework, the applicability of measures in production science can
be better understood. Furthermore, based on the framework, additional measures that
bear potential for further research were identified. These measures have not received the
necessary attention and may enable more resilient production networks in the future.

The framework itself has been created based on theoretical consideration, a practical
examination of the framework in different research settings and in the industrial practice
is missing. However the authors expect the framework to guide both researchers and
practitioners in understanding measures and their influence on production networks. It
helps to better distinguish measures to improve resilience by showing which types of issues
in global production networks they address. It also structures the mechanisms different
measures utilize. The framework may be used both as a research portfolio structuring
practical measures and as a specific company resilience portfolio to study and guide the
management of a particular company concerning its production network resilience. The
activities of the company to achieve resilience can be collected and better understood.
Weaknesses and potentials in terms of unaddressed influences or not used mechanisms can
be easily identified. Furthermore, measures identified and described in this review may
inspire new activities in producing companies. The existing frameworks to structure resili-
ence measures do not yet combine specific measures with generalist system characteristics
of production networks and their management.

The selection of considered contributions was limited to one database, but due to
a large number of overall approaches, the review succeeded in capturing the most com-
monly cited measures. The limitation to contributions available for download unfortu-
nately restricts the comprehensiveness of the review. However, since the main purpose of
the review was the identification of common measures and their structuring and because
the examined sample was still quite large, the results are expected to remain similar even
if a larger sample was considered. A review of approaches strictly limited to a production
science background may uncover some additional measures. However, due to the large
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overlap between supply chain and production network research, such a limitation may
be difficult to impose. The research method used does not evaluate the efficiency and
effectiveness of these measures concerning improving resilience. A large empirical study
may enable a more detailed understanding in this regard.

7 Summary and Outlook

This contribution offers a comprehensive overview of resilience measures commonly dis-
cussed in production networks and supply chain research. The contributions were selected
in a systematic review process, and 17 common measures were identified and illustrated.
Based on this, a conceptual framework to structure those measures was developed that
describes them by the level of managerial enactment, the influences they address, and
the mechanisms they employ to increase resilience. Based on the framework and the
observations regarding the body of literature, eight additional measures were proposed.

Additional research is necessary on various aspects. As section 4 showed, the majority
of contributions takes a supply chain perspective and as such proposes measures that in-
crease resilience by addressing the flows of goods and information in the network. Though
node based measures such as agile factories, technological production flexibility, and
scalable production volumes are discussed, they are far less prevalent. Additional research
is necessary to better understand how these can contribute to resilience. This research
should also extend the focus on additional issues and help make production networks
resilient against not just short term supply shortages but slower changes that often have
a fundamental influence on a companies continued existence. This research direction ties
into the challenge that the possible speed of adaption in production networks is generally
slow as new facilities, changed procedures, and new equipment require significant time
and investment. Thus, measures on the production network level, that address sensitivity,
speed and span are necessary. The development of new production techniques which
combine flexibility and efficiency, the modularization of production, and better tools to
identify the need for adaption are necessary.
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