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ABSTRACT
A digital transformation is currently taking place in society, where people and things are connected 
to each other and the Internet. The number of connected devices is projected to be 28 Billion in 
2025, and our expectations on digitalization set new requirements of mobile communication 
technology. To handle the increased amount of connected devices and data generated, the next 
generation of mobile communication technology is under deployment: 5G-technology.

The manufacturing industry follows the digital transformation, aiming for digitalized manufac-
turing with competitive and sustainable production systems. 5G-technology meets the connectiv-
ity requirements in digitalized manufacturing, with low latency, high data rates, and high reliability. 
Despite these technological benefits, the question remains: Why should the manufacturing indus-
try invest in 5G-technology?

This study aims to determine the impact of 5G-technology on manufacturing performance; 
based on a mixed-methods approach including a modified TOPSIS method to ensure robustness of 
the results. The results show that 5 G-technology will mainly impact productivity, maintenance 
performance, and flexibility. By linking 5G-technology to the performance of the manufacturing 
system, instead of focusing on network performance, the benefits of using 5G-technology in 
manufacturing become clear, and can thus facilitate investment and deployment of 
5G-technology in the manufacturing industry.
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1. Introduction

Innovations and advancements in technology are 
changing our society to become more digitalized. The 
terms ‘Internet of Things’ (IoT) and ‘Internet of 
Everything’ (IoE) (Miraz et al. 2015), where people and 
things are connected to the Internet, are realized as the 
digitalized society is developed. In this digitalized 
society are smartphones used to control households, 
it is possible to meet and socialize over the Internet, 
and there are expectations on autonomous cars and 
a possibility to control a factory from home. As more 
and more devices are being connected, this develop-
ment constantly demands higher data rates. The num-
ber of IoT devices available is projected to be 28 billion 
in 2025 (Lueth 2020), which sets new requirements on 
mobile communication technology. The next genera-
tion of mobile communication technology, 
5G-technology, is expected to meet these require-
ments, and thus amplify our digitalized society.

The manufacturing industry is not an exception 
in our digitalized society. Innovation and new 
technologies are reshaping the manufacturing 
industry as well as towards digitalized manufac-
turing. Digitalized manufacturing, for example, 
Industry 4.0, refers to production systems that 
rely on computer science and advanced manufac-
turing technology (Xu, Xu, and Li 2018). The sys-
tems are anticipated to act decentralized and 
autonomous (Hermann, Pentek, and Otto 2016), 
setting requirements on a reliable, fast, and safe 
network (Cheng et al. 2018; Rao and Prasad 2018). 
5G-technology has the characteristics to solve the 
technological challenges of communication in 
digitalized manufacturing (Palattella 2016; Rao 
and Prasad 2018; Li, Da Xu, and Zhao 2018). 
However, it is not yet clear how this technology 
will benefit the manufacturing industry. Experts in 
mobile communication are using technological 
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characteristics and network performance to 
explain the benefits of 5 G-technology (Peuster 
2019; Morgado et al. 2018) while manufacturing 
experts are interested in the performance of the 
manufacturing plant. The mismatch in perspec-
tives and domain knowledge is making it unclear 
how 5G-technology will contribute to perfor-
mance within manufacturing, and thus why the 
manufacturing industry should invest in 
5G-technology. There is a need to determine 
how the implementation of 5G-technology can 
benefit manufacturing performance. Hence, this 
study aims to answer the research question:

RQ: Which key characteristics of 5 G-technology have 
the highest significant impact on manufacturing 
performance?

To explore the opportunities of using 
5G-technology in manufacturing, an initiative was 
taken by global manufacturing companies, a global 
telecommunication company, and a university to 
form a research project called 5G Enabled 
Manufacturing (5GEM). The shop floor at the two 
manufacturing case companies has been supplied 
with a Long-Term Evolution (LTE) network with 
5G-technologies, aiming to demonstrate the usage 
of 5G-technology. Eight industrial demonstrators 
were developed during the 5 GEM project to demon-
strate and investigate 5G-technology and its applica-
tion opportunities more specifically. The eight 
industrial demonstrators were developed to serve 
real industrial needs and to be scalable solutions. 
Numerous previous publications have presented and 
explained the results from the project to serve the 
understanding of how 5G can support manufacturing, 
including (Åkerman et al. 2018b, Lundgren et al. 2017; 
Bärring, Johansson, and Stahre 2020,; Bärring et al. 
2021). This study used the eight industrial demon-
strators from the 5 GEM project to determine the 
impact of 5G-technology on performance indicators 
in industrial applications. This paper is structured as 
follows: first, a theoretical background is presented, 
followed by a description of the methodology. Next, 
the results are presented including a description of 
each demonstrator, the key characteristics of 
5G-technology, and their impact on industrial per-
formance indicators. Finally, the study is summarized 
in the discussion and conclusion sections, including 
contributions, limitations of the study, and proposed 
future research.

2. Theoretical background

Innovations and advancements in technology have 
started to reshape the manufacturing industry 
towards digitalized manufacturing. Digitalized manu-
facturing (also known as the German initiative 
Industry 4.0) relies on computer science and 
advanced manufacturing technology (Da Silva et al. 
2020; Xu, Xu, and Li 2018) anticipated to radically 
change the manufacturing industry and increase per-
formance (Hermann, Pentek, and Otto 2016; 
Dalenogare et al. 2018). Digitalized manufacturing is 
characterized by interconnected systems (machines, 
sensors, equipment, and people are connected to 
each other), transparency of information, and decen-
tralized decisions (Hermann, Pentek, and Otto 2016) 
enabled by technologies such as big data, cyber- 
physical systems (CPS), IoT and cloud computing (Lu 
2017). This includes digital integration across the hier-
archical levels (i.e. from sensors level to corporate 
planning levels) to ensure data communicability 
among the manufacturing resources. It includes unin-
terrupted data flow among humans and machines, 
aiming to improve decision-making (Parhi, Joshi, and 
Akarte 2021). The role of operators in such 
a production system is to be a flexible problem solver 
supported by technology (Hermann, Pentek, and Otto 
2016). The information flow between equipment and 
people generates a lot of data, which requires high 
data rates (Cheng et al. 2018; Rao and Prasad 2018) 
and low latency are crucial for actions in time-critical 
control loops (Rao and Prasad 2018). Relatively high 
data rate and low latency can be delivered by wired 
communication technology (e.g. Ethernet). However, 
wireless communication technology will play an 
important role in Industry 4.0 (Hermann, Pentek, and 
Otto 2016) as scalability and flexibility/mobility are 
needed for most of the new applications (Rao and 
Prasad 2018). The new applications in the manufac-
turing industry set new requirements for communica-
tion technology.

2.1. Connectivity and definition of 5G

5G will support large throughput of data over wireless 
communications technology, i.e. broadband services 
provided over-the-air instead of through cable con-
nections, which is one of the main differences with 5G 
compared to previous generations of 
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telecommunication. The 5G-technology will deliver 
1000 times higher data volumes, 100 times higher 
data rates, 10 times lower energy consumption, and 
5 times lower end-to-end latency compared to earlier 
generations, and at least 99.999% service reliability 
(Agyapong et al. 2014; Rao and Prasad 2018). These 
characteristics will be needed for several IoT applica-
tions (Palattella et al. 2016; Rao and Prasad 2018; Li, 
Da Xu, and Zhao 2018). To phase these requirements 
from 2020 and beyond, 5G has been equipped with 
a portfolio of access and connectivity solutions. The 
already existing technologies will be incorporated in 
the 5 G solution complemented by new radio access 
concepts. The new concepts include Massive 
Multiple-Input, Multiple-Output, Ultra-Dense 
Networks, Moving Networks, Device-to-Device, Ultra- 
Reliable, and Massive Machine Communications 
(Osseiran et al. 2014). Thus, 5G has the potential to 
help the manufacturing industry in upgrading to digi-
talization (Cheng et al. 2018; Rao and Prasad 2018; Li, 
Da Xu, and Zhao 2018). Five scenarios where 5G will 
be a decisive technology have been identified in the 
project METIS (Osseiran et al. 2014):

● Amazingly fast: the connection should be experi-
enced instantaneously without any notable 
delays for a user.

● Great service in a crowd: mobile broadband will 
be available even in more crowded situations 
with a reasonable service.

● Best experience following you: a high level of ser-
vice should be delivered to the user also while 
traveling or being on the way.

● Super-real time and reliable connections: for appli-
cations (for example mission-critical control) 5G 
will provide a reliable network with low latency 
in the communication.

● Ubiquitous things communicating: more con-
nected devices should be handled in an effective 
manner where requirements can vary to a large 
extent. This can imply requirements for scalabil-
ity and flexibility in the network.

2.2. Applications of 5 G-technology in 
manufacturing

Billions of sensors, machine-controlled robots, and 
autonomous logistics which can operate remotely in 
real-time are anticipated to contribute to productivity 
improvements in the manufacturing industry (Rao 
and Prasad 2018). Thanks to the development of 
5G-technology, these smart systems have become 
more powerful for ubiquitous connectivity on the 
shop floor (Turner et al. 2019). Therefore, 
5G-technology will bring faster and more reliable 
communication between machines, sensors, and 
computing systems, resulting in a more flexible and 
productive manufacturing system (Rao and Prasad 
2018). Digital Catapult (2019) reports a productivity 
improvement of 2%. Much research has been con-
ducted to describe possible scenarios where 
5G-technology plays an important role, and some 
examples are summarized in Table 1 with an explana-
tion of the requirements of 5G technology to fulfill 
this.

Table 1. Summary of the application area and the involved requirements of 5 G-technology.
Application area Requirements of 5 G-technology Reference

Virtual and/or augmented reality for product design, 
processing, assembly, and maintenance.

High data rate and low latency. Cheng et al. 2018

The massive amount of manufacturing data, such as from 
equipment, from work-in-progress, from operators, and 
disturbance information from different devices.

Large density of devices to be connected. Cheng et al. 2018

Automated guided vehicles (AGVs) need to communicate 
with machines (e.g. for loading/unloading material) and 
with other AGVs to avoid collisions.

High requirements on high reliability and low latency, to make sure 
that the stop signal to the AGV will be fast enough.

Cheng et al. 2018

Autonomous shop floor. Requires low latency communication. If any critical changes in 
conditions need action (i.e. time-critical controls), low latency will 
ensure the response without damages due to delays.

Fettweis 2014

Real-time monitoring of a manufacturing process can 
prevent deviation in product quality.

Sensors and actuators included in the process must have low latency 
and high-reliability communication in these time-critical control 
loops, i.e. to stop or change the process before it damages the 
product.

Rao and Prasad 2018

Wide network coverage is not time-critical but could have 
a major contribution in a harsh environment.

If the network is reliable and has a wide coverage, remote control of 
equipment or real-time monitoring of processes can be used for 
equipment in a harsh environment. Thus, it is possible to avoid or 
limit the time spent by people in a harsh environment.

Rao and Prasad 2018
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5G-technology brings characteristics that have the 
potential to make the technology applicable to 
a broader area of use cases (Table 1) than was pre-
viously possible for mobile networks. Use cases where 
time-critical aspects or connecting ubiquitous things 
are of interest can be supported by 5 G-technology. 
Still, there are some barriers to implementing 
5 G-technology involving the costs involved and 
expected return on investment (ROI), lack of compe-
tence in the new technology, and where to start, but 
also concerns about IT security (Digital Catapult 2019). 
Another aspect that makes it more difficult for 
a successful implementation of new technology, is 
that developers and business leaders tend to focus 
on the potential of technology that can collect and 
analyze big volumes of data rather than on the 
expected outcome of applying the technology 
(Patel, Shangkuan, and Thomas 2017). Therefore, in 
order to identify the right problems to address in an 
organization, which can be supported by more and 
better data enabled by the technology, the domain 
expert stays important. This person can with the deep 
knowledge and expertise in an area identify where 
the biggest opportunities and challenges are (McAfee 
and Brynjolfsson 2012). To design and build a data 
value chain in manufacturing (incorporating Big Data 
applications) knowledge needs to be developed 
about the digital technologies in combination with 
the already existing expertise of the manufacturing 
processes (Åkerman et al. 2018a). Based on these 
mentioned considerations that need to be taken 
into account, 5G-technology will only be fully realized 
with its full potential if the value gained by the tech-
nology can exceed the deployment costs of the 
network at the same time as the Quality of Service 
(QoS) requirements by the end-user can be met 
(Idachaba 2016).

2.3. Performance measures and indicators

When it comes to the performance of 5 G-technology, 
most research focuses on setting requirements of the 
network, or discuss its architecture, and neglect the 
practical implementations (Peuster et al. 2019). 
Requirements on performance are general about 
peak data rate, energy efficiency, mobility, mobile 
interruption time, connection density (i.e. the number 
of connected devices), area traffic capacity, etc. 
(Morgado et al. 2018). In contrast, performance in 

the manufacturing industry is related to the ability 
to implement a chosen strategy (Neely, Gregory, and 
Platts 1995). Performance measurement usually con-
sists of several performance indicators (PIs) (Kang 
et al. 2016), for example, the number of products 
produced, production cost per product, mean time 
between failure (MTBF), and cycle time. Performance 
is measured in many industrial companies to support 
operations and make sure that actions are taken to 
support the strategies and objectives of an organiza-
tion (Lynch and Cross 1991). Consequentially, 
5G-technology’s impact on performance in the man-
ufacturing industry should thus be associated with 
how 5G-technology can contribute to the objectives 
of the organization. There is a need to investigate the 
outcome of the technology (Patel, Shangkuan, and 
Thomas 2017) and PIs have the potential to be used 
for evaluation on how technology can contribute to 
performance in manufacturing.

3. Methodology

This study is based on a mixed-methods approach 
(Creswell 2014), combining quantitative and qualita-
tive data to study the projected impact on 
5G-technology in the manufacturing industry. Eight 
demonstrators (demos) from the research project 
5GEM, aiming to demonstrate different applications 
of 5G-technology in the manufacturing industry, were 
included in the study. The eight demonstrators are 
about: 1) planning and design of the radio network, 2) 
design of network and cloud architecture for the 
5G-pilot-network, 3) connectivity for stationary equip-
ment, 4) connectivity to mobile equipment and peo-
ple, 5) large-scale deployment of 5G-technology at 
one manufacturing plant, 6) analytics of data col-
lected via the 5G-pilot-network, 7) manufacturing 
control tower, and 8) operators use of 
5G-technology. The demonstrators are explained 
more in detail in chapter 4, Results and Analysis. An 
overview of the method is given in Figure 1.

Firstly, a literature selection was conducted to col-
lect characteristics of 5G-technology and industrial PIs 
for the creation of an evaluation matrix. Secondly, 
interviews with four experts were conducted to col-
lect data on the projected effects of 5G-technology 
and its impact on the manufacturing industry. Next, 
the data were analyzed for each of the demos. Lastly, 
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the data were analyzed, including all demos. The 
following sections describe the data collection and 
data analysis in detail.

3.1. Data collection

Data collection could be divided into two parts: (1) 
collection of characteristics for 5G-technology and 
industrial PIs from literature to create an evaluation 
matrix and (2) evaluation of 5G-technology and 
impact in industrial PIs with the help of the evaluation 
matrix. An overview of the data collection is given in 
Figure 2.

Firstly, a literature selection was conducted to get 
a gross list of PIs. The PIs were divided into five 
categories: productivity, quality, maintenance perfor-
mance, flexibility, and sustainability. Three PIs from 
each category were selected to be used in the evalua-
tion matrix, based on the goal of the 5GEM project 
and the authors’ experience of PIs in industry. 
Literature was also used to identify relevant charac-
teristics of 5G-technology to use in the evaluation 
matrix. These 5G-characteristics were cross-checked 

with 5G-experts in the 5GEM project. The aim of the 
literature search and selection was not to make 
a proper review of the literature but to find relevant 
5G-characteristics and PIs for the evaluation. This 
resulted in a matrix with eleven characteristics of 
5G-technology on one side and fifteen industrial PIs 
on the other side. The evaluation matrix is presented 
in Appendix A.

Secondly, the evaluation of 5G-technology and its 
impact on industrial PIs were based on interviews and 
a modified TOPSIS method. There are no explicit rules in 
the literature for a requisite number of experts from 
which you collect the response in TOPSIS methodology. 
Instead, the respondents’ knowledge and professional 
expertise about the subject matter is of importance. 
Thus, purposive sampling (Palys 2008) was used to 
select interviewees, as it allows the selection of intervie-
wees based on their knowledge and experiences about 
the subject under investigation. For determining the 
impact of 5G-technology on the industrial demos from 
the 5GEM-project, three criteria were used to select 
interviewees: (1) domain knowledge about manufactur-
ing, (2) knowledge about 5G-technology, and (3) 

Figure 1. The figure gives an overview of the methodology, including data collection and data analysis of quantitative and qualitative 
data.

Figure 2. The figure describes the data collection procedure. Firstly, data from the literature was used to create an evaluation matrix. 
Secondly, the evaluation matrix was then used during an interview setting to collect quantitative data. Qualitative data were also 
collected during the interview by posting open questions.
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familiarity with the eight demos included in the study. 
Four interviewees were selected. Table 2 presents infor-
mation about the interviewees.

The four interviewees estimated (independently of 
each other) how each 5G-characteristic will impact 
each PI respectively, by filling the matrix. Numbers 
between 1 and 5 were used for the impact; 1 represents 
a low impact and 5 represents a high impact. This was 
done for each of the eight demonstrators, resulting in 
thirty-two quantitative matrixes to analyze. The inter-
views ended with more open-ended questions about 
the value of 5G-technology in manufacturing in general, 
and for the eight demos in particular, to complement 
the quantitative data with qualitative data. Qualitative 
data collection methods allow an in-depth understand-
ing of a phenomenon (Creswell 2014). Therefore, the 
qualitative, semi-structured interviews were suitable for 
collecting the interviewees’ understanding of the poten-
tial values and use of 5G-technology in the manufactur-
ing industry.

3.2. Data analysis

3.2.1. Analysis of quantitative data
Analysis of the quantitative data in the evaluation 
matrixes was done by modifying the Technique for 
Order Preference by Similarity to an Ideal Solution 
(TOPSIS) method introduced by Hwang and Yoon 
(1981), to ensure the robustness of the results. 
TOPSIS is an effective method for solving various 
multi-attribute decision-making (MADM) problems, 
with the underlying principle of selecting an alterna-
tive closest to the positive ideal solution and farthest 
from the negative ideal solution (Priya and Malhotra 
2020; Shih, Shyur, and Lee 2007).

The classical TOPSIS was used as a basis in this study 
to utilize the advantages of a TOPSIS method; 
a systematic evaluation based on a scientific and robust 
method. However, the method was modified in this 
study to not use criteria weight, but equally evaluate 
the different 5G-characteristics and their impact on PI, 
based on four experts’ estimations. The benefit of such 
a method is that it includes a robust aggregation proce-
dure to convert four expert’s estimation to one objective 
estimation and enables to determine the interrelation-
ship between 5G-characteristics and PI. An overview of 
the modified TOPSIS method is given in Figure 3.

In this method, an impact index was calculated for 
each 5G-characteristic across all PIs using the five 
main steps in Figure 3 in an iterative way. The nota-
tions used in these steps to construct the method are 
explained in Table 3. The structure of the evaluation 
matrix Dk

d is given in Equation (1)

Dk
d ¼

PI1 PI2 . . . PIn

5G1

5G2

..

.

5Gm

xk
d11 xk

d12 . . . xk
d1n

xk
d21 xk

d22 . . . xk
d2n

..

. ..
.

. . . ..
.

xk
dm1 xk

dm2 . . . xk
dmn

2

6
6
6
4

3

7
7
7
5

; for k

¼ 1; . . . ; K; d ¼ 1; . . . ;D 

Dk
d ¼

PI1 PI2 . . . PIn

5G1
5G2

..

.

5Gm

xk
d11 xk

d12 . . . xk
d1n

xk
d21 xk

d22 . . . xk
d2n

..

. ..
.

. . . ..
.

xk
dm1 xk

dm2 . . . xk
dmn

2

6
6
6
4

3

7
7
7
5

; for k

¼ 1; . . . ; K; d ¼ 1; . . . ;D:

(1) 

Table 2. Information about the interviewees including branch, their working title/role, and years of experience.
Interviewee Branch Role/Title Experience (y)

1 Manufacture of 
motor vehicles, 
trailers and 
semi-trailers

Senior research and technology development engineer. 8

2 Manufacture of 
motor vehicles, 
trailers and 
semi-trailers

Senior research engineer in flexible manufacturing. 25

3 Manufacture of 
machinery and 
equipment 
n.e.c.

Manufacturing reliability champion. 28

4 Manufacture of 
machinery and 
equipment 
n.e.c.

Global account manager and sales manager. 25
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Table 3. Notations used to construct the modified TOPSIS method.
Notations Descriptions

D Number of demos.
K Number of interviewees.
d Demo index, i.e. d ¼ 1; . . . ;D.
k Interviewee index, i.e. k ¼ 1; . . . ; K .
m Number of 5G-characteristics.
n Number of PIs.
i 5G-characteristic index, i.e. i ¼ 1; . . . ;m.
j PI index, i.e. j ¼ 1; . . . ; n.
5Gi Set of 5G-characteristics, i.e. 5G ¼ 5Giji 2 N; and i ¼ 1; . . . ;mf g.
PIj Set of PIs, i.e. PI ¼ PIjjj 2 N; and j ¼ 1; . . . ; n

� �
.

P Set of Productivity PIs, i.e. P ¼ PIjjj 2 N; and 1 � j � 3
� �

.
Q Set of Quality PIs, i.e. P ¼ PIjjj 2 N; and 4 � j � 6

� �
.

M Set of Maintenance performance PIs, i.e. P ¼ PIjjj 2 N; and 7 � j � 9
� �

.
F Set of Flexibility PIs, i.e. P ¼ PIjjj 2 N; and 10 � j � 12

� �
.

S Set of Sustainability PIs, i.e. P ¼ PIjjj 2 N; and 13 � j � n
� �

.
Dk

d
Evaluation matrix by interviewee k for demo d

xk
dij

The impact value of 5Giwith respect to PIj evaluated by interviewee k for demo d.

Dagg
d Aggregated matrix for demo d.

xagg
dij Aggregated impact value of 5Gi with respect to PIj for demo d.

LIVd The ideal lowest impact value for demo d.
HIVd The ideal highest impact value for demo d.
DLIVd

iðindividualÞ
Euclidian distance between xagg

dij and LIVd for sets P, Q, M, F, S for demo d.

DHIVd
iðindividualÞ

Euclidian distance between xagg
dij and HIVd for sets P, Q, M, F, S for demo d.

Id
iðindividualÞ

Individual impact index of 5Gi for sets P, Q, M, F, S for demo d.

The following notations are used to construct the aggregated analysis of all demos
xagg

ij Aggregated impact value of 5Gi with respect to PIj across all demos.
LIV The ideal lowest impact value across all demos.
HIV The ideal highest impact value across all demos.
DLIViðglobalÞ Euclidian distance between xagg

ij and LIVfor setsP, Q, M, F, S across all demos.
DLIViðoverallÞ Euclidian distance between xagg

ij and LIVacross allPIj and all demos.
DHIViðglobalÞ Euclidian distance between xagg

ij and HIVfor sets P, Q, M, F, S across all demos.
DHIViðoverallÞ Euclidian distance between xagg

ij and HIV across allPIj and all demos.
IiðglobalÞ Global impact index of 5Gi for sets P, Q, M, F, S across all demos.
IiðoverallÞ Overall impact index of 5Gi across allPIj and all demos.
IPIðoverallÞ Overall impact index of sets P, Q, M, F, S across all demos

Figure 3. An overview of the modified TOPSIS method that was used for the quantitative analysis.
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where5Giði ¼ 1; 2; . . . ;mÞ denotes the 5G charac-
teristics; PIjðj ¼ 1; 2; . . . ; nÞrepresents PIs. The PIs 
were categorized into five main categories: produc-
tivity, quality, maintenance performance, flexibility, 
and sustainability. These PI categories consist of PIs 
for certain values of j and they were defined as 
sets (i.e. P, Q, M, F, and S) given in Table 3. 
Moreover, xk

dij indicates the impact evaluation of 

the 5G-characteristics 5Gi with respect to PIs PIj 

by intervieweek; k ¼ 1; . . . K (K = 4) for 
demod ¼ 1; . . . D (D = 8).

Step 1 in Figure 3: The evaluation matrixes 
obtained from the interviewees were aggregated by 
applying the geometric mean method (GMM). GMM 
reduces the bias effect of extreme values (very low or 
very high) (Aull-Hyde, Erdogan, and Duke 2006) and 
was therefore selected to obtain the aggregated 
matrix for each demo.

The aggregated matrix is denoted Dagg
d in Equation 

(2) and this matrix xagg
dij is computed by Equation (3) 

where xk
dij is the element of Dk

d. In other words, four 

matrixes (one from each of the experts) were aggre-
gated into one matrix for each of the demos. 

Dagg
d ¼

PI1 PI2 . . . PIn

5G1
5G2

..

.

5Gm

xagg
d11 xagg

d12 . . . xagg
d1n

xagg
d21 xagg

d22 . . . xagg
d2n

..

. ..
. ..

. ..
.

xagg
dm1 xagg

dm2 . . . xagg
dmn

2

6
6
6
4

3

7
7
7
5

; for d

¼ 1; . . . ;D:

(2) 

xagg
dij ¼

YK

k¼1

xk
dij

� �1
K
fori ¼ 1; . . . n; j ¼ 1; d ¼ 1; . . . ;D:

(3) 

Step 2 in Figure 3: The ideal lowest impact value (LIV) 
and the ideal highest impact value (HIV) were deter-
mined based on the used scale ranging from low to 
high for the impact evaluation. In this context, LIV and 
HIV for each demo are given in  

LIVd ¼ 1; for d ¼ 1; . . . ;D: (4) 

HIVd ¼ 5; d ¼ 1; . . . ;D: (5) 

Step 3 in Figure 3: Distance to the ideal lowest impact 
value (DLIV) and distance to the ideal highest impact 
value (DHIV) were determined based on each PI cate-
gory per demo (to be used for individual impact 

index). This was done by using the Euclidean distance 
metric (minimization of the square root of the sum of 
squared distances); commonly used in the classical 
TOPSIS method to calculate distances (Olsson 2004; 
Taşabat 2019). In this context, the distance between 
the aggregated value of the 5G-characteristics xagg

dij to 
the LIVdfor each PI category per demo is denoted 
DLIVd

iðindividualÞ and calculated by the formula given in 

Equation (6). Consequently, five DLIV d
iðindividualÞ were 

obtained for each 5G-characteristics corresponding 
to each PI category per demo. 

DLIVd
iðindividualÞ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2P
xagg

dij � LIVd

� �2
s

; for i¼1;...;m; j2P; d¼1;...D ;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2Q
xagg

dij � LIVd

� �2
s

; for i¼1;...;m; j2Q; d¼1;...D ;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2M
xagg

dij � LIVd

� �2
s

; for i¼1;...;m; j2M; d¼1;...D ;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2F
xagg

dij � LIVd

� �2
s

; for i¼1;...;m; j2F; d¼1;...D ;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2S
xagg

dij � LIVd

� �2
s

; for i¼1;...;m; j2S; d¼1;...D:

8
>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>:

(6) 

Similarly, the distance between the aggregated value 
of the 5G-characteristics xagg

dij to the HIVd for each PI 
category per demo is denoted DHIVd

iðindividualÞ and cal-

culated by the formula given in Equation (7) and five 
DHIVd

iðindividualÞ were obtained for each 5G characteris-

tics corresponding to each PI category per demo. 

DHIVd
iðindividualÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2P
xagg

dij � HIVd

� �2
s

; for i ¼ 1; . . . ;m; j 2 P; d ¼ 1; . . . D ;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2Q
xagg

dij � HIVd

� �2
s

; for i ¼ 1; . . . ;m; j 2 Q; d ¼ 1; . . . D ;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2M
xagg

dij � HIVd

� �2
s

; for i ¼ 1; . . . ;m; j 2 M; d ¼ 1; . . . D ;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2F
xagg

dij � HIVd

� �2
s

; for i ¼ 1; . . . ;m; j 2 F; d ¼ 1; . . . D ;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2S
xagg

dij � HIVd

� �2
s

; for i ¼ 1; . . . ;m; j 2 S; d ¼ 1; . . . D:

8
>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>:

(7) 

Step 4 in Figure 3: This step consists of the calculation 
of the individual impact index that was calculated for 
each 5G-characteristics based on each PI category per 
demo by using the formula given in Equation (8). The 
formula is adapted from the study proposed by Deng, 
Yeh, and Willis (2000). 

Id
iðindividialÞ ¼

DLIV d
iðindividualÞ

DLIVd
iðindividualÞ þ DHIVd

iðindividualÞ

; for i

¼ 1; . . . ;m; d ¼ 1; . . . ;D: (8) 
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where DLIV d
iðindividualÞ and DHIVd

iðindividualÞ are the com-
puted values in Step 3. It should be noted that five 
individual impact indexes Id

iðindividualÞ are obtained for 

each 5G-characteristic corresponding to each PI cate-
gory per demo. The Id

iðindividualÞ value can be in the 

range0 � Id
iðindividualÞ � 1. The larger the index value, 

the more impact of the 5G-characteristic on each PI 
category. In other words, if Id

iðindividualÞ ¼ 1 then 5Gi 

(corresponding 5G-characteristic) has the highest 
impact on the PI category; if Id

iðindividualÞ ¼ 0 then 

5Gi(corresponding 5G-characteristic) has the lowest 
impact on the PI category.

Step 5 in Figure 3: 5G-characteristics were ranked 
through the descending order of Id

iðindividualÞ and Id
iðglobalÞ

values computed in Step 4.1 and 4.2, respectively. 
Afterward, the ranking results demonstrate the most 
important 5G-characteristics for each PI category per 
demo.

The same method for aggregated analysis was also 
carried out for all demos. In this analysis, the same 
Steps 1–5 explained above were applied to calculate 
global and overall impact indexes, respectively, with 
certain adjustments. For instance, in Step 3, the calcu-
lations were performed across all demos instead of 
per demo. Therefore, Equations (6–7) (see Step 3) 
were slightly adjusted to calculate DLIV and DHIV, 
and new Equations (9–10) were formulated as below: 

DLIViðglobalÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2P
xagg

ij � LIV
� �2

s

; for i ¼ 1; . . . ;m; j 2 P;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2Q
xagg

ij � LIV
� �2

s

; for i ¼ 1; . . . ;m; j 2 Q;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2M
xagg

ij � LIV
� �2

s

; for i ¼ 1; . . . ;m; j 2 M;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2F
xagg

ij � LIV
� �2

s

; for i ¼ 1; . . . ;m; j 2 F;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2S
xagg

ij � LIV
� �2

s

; for i ¼ 1; . . . ;m; j 2 S:

8
>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>:

(9) 

DHIViðglobalÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2P
xagg

ij � HIV
� �2

s

; for i ¼ 1; . . . ;m; j 2 P;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2Q
xagg

ij � HIV
� �2

s

; for i ¼ 1; . . . ;m; j 2 Q;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2M
xagg

ij � HIV
� �2

s

; for i ¼ 1; . . . ;m; j 2 M;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2F
xagg

ij � HIV
� �2

s

; for i ¼ 1; . . . ;m; j 2 F;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

j2S
xagg

ij � HIV
� �2

s

; for i ¼ 1; . . . ;m; j 2 S:

8
>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>:

(10) 

where LIV and HIVequals 1 and 5, respectively. 
Consequently, five DLIViðglobalÞand DHIViðglobalÞwere 
obtained for each 5 G-characteristics corresponding 
to each PI category across all demos.

Similarly, to calculate DLIV and DHIV across all PI 
categories, new Equations (11–12) were formulated as 
below: 

DLIViðoverallÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

j¼1

xagg
ij � LIV

� �2

v
u
u
t ; for i

¼ 1; . . . ;m; j ¼ 1; . . . n : (11) 

DHIViðoverallÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

j¼1

xagg
ij � HIV

� �2

v
u
u
t ; for i ¼ 1; . . . ;m; j ¼ 1; . . . n: (12) 

Consequently, two overall distance values such 
asDLIViðoverallÞ and DHIViðoverallÞwere obtained for each 
5G-characteristics across all PI categories and all 
demos.

As summarized for Step 3, the calculations were 
also performed across all demos instead of per demo 
in Step 4. Therefore, Equation (13) was formulated to 
calculate the global impact index and as below: 

IiðglobalÞ ¼
DLIViðglobalÞ

DLIViðglobalÞ þ DHIViðglobalÞ
; for i ¼ 1; . . . ;m:

(13) 

where DLIViðglobalÞ and DHIViðglobalÞ are the computed 
values in Equations (10–11). It should be noted that 
five global impact indexes IiðglobalÞ were obtained for 
each 5G-characteristic corresponding to each PI cate-
gory. On the other hand, a new Equation (14) was 
formulated to calculate the overall impact index for 
each 5 G-characteristics across all PI categories and all 
demos. 

IiðoverallÞ ¼
DLIViðoverallÞ

DLIViðoverallÞ þ DHIViðoverallÞ
; for i

¼ 1; . . . ;m: (14) 

where DLIViðoverallÞ and DHIViðoverallÞ are the computed 
values in Equations (11–12).

Finally, another overall impact index across all 
demos and all 5G-characteristics was also calcu-
lated to determine the most affected PI categories 
by using the following equation 
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IPIðoverallÞ ¼

Pm

i
DLIViðglobalÞ

Pm

i¼1
DLIViðglobalÞ þ

Pm

i¼1
DHIViðglobalÞ

: (15) 

where DLIViðglobalÞand DHIViðglobalÞ are the computed 
values for five PI categories in Equations (9–10).

In Step 5, 5G-characteristics were ranked through 
the descending order of IiðglobalÞ and IiðoverallÞ values 
computed in Equations (13–14), respectively. 
Afterward, the ranking results demonstrate the top 
three 5G-characteristics for each PI category and 
across all PI categories across all demos. 
Additionally, PI categories were also ranked through 
the descending order of IPIðoverallÞvalues computed in 
Equation (15) to determine the most affected PI 
categories.

3.2.2. Analysis of qualitative data
Analysis of the qualitative data from the interviews 
was done to compare to the results of the quantita-
tive analysis for verification purposes. The interviews 
were audio-recorded, and a selection of quotes was 
transcribed. The quotes were transcribed if they were 
related to the impact and effects of 5G in manufactur-
ing, challenges in using the technology, challenges in 
the deployment of the technology, or expectations on 
5G-technology.

4. Results and analysis

This chapter will firstly present the evaluation matrix 
from the initial literature review and interviews, used 
for the evaluation during the interviews. Secondly, the 
analysis of each demo will be presented, including 
a description of the demo and the top three 
5G-characteristics. For each of those characteristics, the 
impact on each PI category is presented in terms of the 
individual impact index. The impact index should be 
interpreted as follows: ‘1’ indicates high impact, and ‘0’ 
indicates no/low impact. The step-wise calculation for 
individual impact index for Demo 1 is given in Appendix 
B. Thirdly, the aggregated analysis of all demos present-
ing the top three most important 5G-characteristics for 
each of the PI-category (global impact index) and the 
top three most important 5G-characteristics for all PI 
categories aggregated, as well as the impact of 
5G-technology on each of the PI category (overall 
impact index). Fourth and finally, results from the 

analysis of the qualitative data from the open questions 
in the interviews are presented to complement findings 
from the quantitative analysis.

4.1. The evaluation matrix

The evaluation matrix consists of 15 performance indi-
cators (PIs) (columns) and 11 5G-characteristics (rows). 
The 15 PIs are grouped into five PI categories: produc-
tivity, quality, maintenance performance, flexibility, and 
sustainability. Still, 15 columns and 11 rows give 165 
values to enter in the matrix (see Appendix A).

4.2. Description and evaluation of demo 1

To meet the demand of the future factory in terms of 
connectivity, to enable communication between equip-
ment and personnel, the reliance on a radio network 
that can ensure good coverage and overall network 
performance is crucial. The planning and design of the 
radio network are therefore of high importance. An off-
line method for radio network planning (Demo 1) was 
developed to ensure high network performance with-
out testing it in the real environment (which causes 
production disturbance). The offline method relies on 
3D laser scanning to get a point cloud and further a 3D- 
CAD geometry of the environment. Ray-tracing is then 
applied in the 3D-CAD geometry used to calculate wave 
propagation in the geometric model, to get an idea of 
how the radio network performs in the environment. 
The results were validated by comparing the simulated 
radio network to manual measurements of the installed 
network.

Based on quantitative data from the evaluation 
matrixes used in TOPSIS analysis, the top three 
5G-characteristics for Demo 1 are: additional data 
sources, secured spectrum, and wide network cover-
age. The top three 5G-characteristics and their indivi-
dual impact index for each of the PI categories are 
shown in Figure 4.

The height of the bar represents the individual 
impact index. For example, additional data sources 
will impact flexibility in first hand in Demo 1, with 
the individual impact index calculated to 0.81. 
Additional data sources will also impact maintenance 
performance, productivity, and quality (individual 
impact indexes 0.78, 0.76, and 0.75 respectively). In 
contrast, sustainability will be less affected (impact 
index 0.48).
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4.3. Description and Evaluation of Demo 2

Demo 2 is a design of network and cloud architecture 
for the 5G network at the case company. It consists of 
hardware and software enabling mobile connectivity, 
data storage, distributed computing, and capabilities 
for data analytics. The demo aimed to demonstrate 
the installation and deployment of 5G-technology, as 
well as cloud services.

Based on quantitative data from the evaluation 
matrixes used in TOPSIS analysis, the top three 
5G-characteristics in Demo 2 are: additional data 
sources, data traffic policies with prioritized devices, 
and centrally controlled device connectivity. The top 
three 5G-characteristics and their individual impact 
index for each of the PI categories are shown in 
Figure 5.

The height of the bar represents the individual 
impact index. For example, additional data sources 
will impact flexibility in first hand (individual impact 
index 0.85), but also productivity and maintenance 
performance (individual impact index 0.77 and 0.76). 
Quality and sustainability will be less affected (indivi-
dual impact index 0.56 and 0.41).

4.4. Description and Evaluation of Demo 3

Demo 3 is a connected grinding machine, aiming to 
demonstrate how stationary equipment can be con-
nected to a centralized cloud through 5G-technology. 

Connected equipment aims to reduce disturbances 
(i.e. unplanned stops) and quality issues. Data was 
collected from the grinding machine from the internal 
control system and externally mounted sensors. One 
objective in the project was to develop machine- 
specific algorithms for machine health assessment, 
decision support, and root cause analysis to reduce 
production disturbances such as stop time and qual-
ity issues.

Based on quantitative data from the evaluation 
matrixes used in TOPSIS analysis, the top three 
5G-characteristics in demo 3 are: low latency, determi-
nistic latency, and additional data sources. The top three 
5G-characteristics and their individual impact index for 
each of the PI categories are shown in Figure 6.

The height of the bar represents the individual 
impact index. For example, low latency will have 
a major impact on maintenance performance (indivi-
dual impact index 0.81). In contrast, flexibility and 
sustainability (impact index 0.49 and 042) will be 
less affected by low latency in Demo 3.

4.5. Description and Evaluation of Demo 4

Demo 4 aims to demonstrate the connectivity of 
mobile equipment and people. A tool called MOST 
(Mobile Operator Support Tool), used at one of the 
case companies, was connected to the pilot- 
5 G-network and the cloud. MOST aims to support 

Figure 4. The figure describes the individual impact index of additional data sources, secured spectrum and, wide network coverage 
on productivity, quality, maintenance performance, flexibility, and sustainability respectively in Demo 1.
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personnel on the factory floor by providing informa-
tion, decision support, documentation, follow-up of 
machine parameters, etc. in a mobile, interactive 
application.

Based on quantitative data from the evaluation 
matrixes used in TOPSIS analysis, the top three 
5G-characteristics in Demo 4 are: wide network cover-
age, additional data sources, and scalability. The top 
three 5G-characteristics and their individual impact 
index for each of the PI categories are shown in Figure 7.

The height of the bar represents the individual 
impact index. In Demo 4, wide network coverage 
will have a relatively large impact on flexibility and 
maintenance performance (individual impact index 
calculated to 0.75 and 0.74). In contrast, wide network 
coverage will have a rather low impact on sustainabil-
ity (individual impact index 0.43).

4.6. Description and Evaluation of Demo 5

Demo 5 aims at demonstrating a large-scale 
deployment of 5G-technology, including all pro-
duction cells at the case company: around 20 pro-
duction cells and 100 devices. Possibilities to 
connect the factory local area networks (LAN) to 
other LANs, such as facility LAN, office LAN, etc. are 
explored in this demo, including access rules and 
policies.

Based on quantitative data from the evaluation 
matrixes used in TOPSIS analysis, the top three 
5G-characteristics in Demo 5 are: low latency, 
high bandwidth, and high data rate. The top 
three 5G-characteristics and their individual impact 
index for each of the PI categories are shown in 
Figure 8.

Figure 5. The figure describes the individual impact index of additional data sources, data traffic policies – prioritized devices, and 
centrally controlled device connectivity on productivity, quality, maintenance performance, flexibility, and sustainability respectively 
in Demo 2.

Figure 6. The figure describes the individual impact index of low latency, deterministic latency, and additional data sources on 
productivity, quality, maintenance performance, flexibility, and sustainability respectively in Demo 3.
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The height of the bar represents the individual 
impact index. For example, low latency will have the 
highest impact on productivity and flexibility (impact 
index 0.75 and 0.74), and the lowest impact on sus-
tainability (impact index 0.31).

4.7. Description and Evaluation of Demo 6

Demo 6 is an analytics demonstrator, aiming to 
provide remote analyses based on data collected 
from both wired and wirelessly connected sensors 
via the pilot-5 G-network. The demo demonstrates 
the deployment of machine intelligence to 
increase awareness of machine conditions and 

improve maintenance planning, aiming to 
enhance manufacturing performance as well as 
financial performance.

Based on quantitative data from the evaluation 
matrixes used in TOPSIS analysis, the top three 
5G-characteristics in Demo 6 are: additional data 
sources, low latency, and deterministic latency. The top 
three 5G-characteristics and their individual impact 
index for each of the PI categories are shown in Figure 9.

The height of the bar represents the individual 
impact index. For example, flexibility is the PI category 
that will be most affected by additional data sources 
in Demo 6. The impact index was calculated to 0.73. 
Sustainability will be less affected by additional data 
sources (impact index 0.32).

Figure 7. The figure describes the individual impact index of wide network coverage, additional data sources, and scalability on 
productivity, quality, maintenance performance, flexibility, and sustainability respectively in Demo 4.

Figure 8. The figure describes the individual impact index of low latency, high bandwidth, and high data rate on productivity, quality, 
maintenance performance, flexibility, and sustainability respectively in Demo 5.
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4.8. Description and Evaluation of Demo 7

A manufacturing control tower is demonstrated in 
Demo 7: a virtual control room enabled by 
5G-technology. The manufacturing control tower 
has three essential capabilities: visibility (real-time 
visibility of data, dashboards, to visualize the status 
of the factory, etc.), analytics (for example artificial 
intelligence (AI) for rapid decision), and execution 
(disseminating information and action plans, mon-
itoring execution compliance). Sensors and cam-
eras will collect real-time data to provide 
visualizations (2D as well as 3D) of the complete 
factory/cell, positions of components, materials, 
and humans.

Based on quantitative data from the evaluation 
matrixes used in TOPSIS analysis, the top three 
5G-characteristics in Demo 7 are: low latency, addi-
tional data sources, and high bandwidth. The top 

three 5G-characteristics and their individual impact 
index for each of the PI categories are shown in 
Figure 10.

The height of the bar represents the individual 
impact index. As an example of Demo 7, low latency 
will have a relatively high impact on quality (0.74). The 
impact index on sustainability was calculated to 0.31, 
indicating a rather low impact.

4.9. Description and Evaluation of Demo 8

Demo 8 focuses on interaction with operators 
using 5G-technology for designing skill-based 
and skill-developing workplaces. 5G-technology is 
used to enable data collection, cloud computing, 
analysis of data, and presentation of data and 
information, based on the individual skills of 
each of the operators. The main objective of 

Figure 9. The figure describes the individual impact index of additional data sources, low latency, and deterministic latency on 
productivity, quality, maintenance performance, flexibility, and sustainability respectively in Demo 6.

Figure 10. The figure describes the individual impact index of low latency, additional data sources, and high bandwidth on 
productivity, quality, maintenance performance, flexibility, and sustainability respectively in Demo 7.
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Demo 8 is to facilitate data and information pre-
sentation in a mobile and wireless device in an 
efficient way.

Based on quantitative data from the evaluation 
matrixes used in TOPSIS analysis, the top three 
5G-characteristics in Demo 8 are: wide network 
coverage, low latency, and scalability. The top 
three 5G-characteristics and their individual impact 
index for each of the PI categories are shown in 
Figure 11.

The height of the bar represents the individual 
impact index. For example in Demo 8, wide net-
work coverage will have a high impact on flex-
ibility, maintenance performance, and productivity 
(impact index 0.77, 0.74, and 0.73 respectively). 
Quality and sustainability will be less affected, 
with an impact index calculated to 0.49 and 0.37.

4.10. Aggregated analysis of all demos

As a final step in the quantitative data analysis, 
a global impact index was calculated based on aggre-
gated values for all of the demos. A global impact 
index was calculated to identify the top three 
5G-characteristics for each of the PI categories across 
all eight demos by using Equation (13). For the impact 
on productivity, additional data sources, high data 
volume, and low latency will be most important. 
From a quality aspect, the top three 
5G-characteristics are low latency, additional data 
sources, and deterministic latency. Maintenance per-
formance will be most affected by low latency, addi-
tional data sources, and high data volume. The top 

three 5G-characteristics from a flexibility perspective 
are: additional data sources, scalability, and wide net-
work coverage. At last, the top three 
5G-characteristics from a sustainability point of view 
are low latency, scalability, and additional data 
source. The top three 5G-characteristics and the glo-
bal impact index per PI category are summarized in 
Table 4.

Further, an overall impact index was calculated 
to identify the top three 5G-characteristics based 
on all PI categories and all eight demos by using 
Equation (14). This resulted in overall top three 
5G-characteristics, namely additional data sources, 
low latency, and scalability. The overall impact 
index was calculated to 0.58, 0.57, and 0.53 
respectively, i.e. relatively low compared to indi-
vidual impact index (evaluation of each demo, for 
example, Demo 3, where impact index of low 
latency on maintenance performance was 0.81). 
This indicates that the application determines 
which characteristics are most important. 
A summary of the overall impact index for the 
top three 5 G-characteristics based on all demos 
is shown in Table 5.

Lastly, an overall impact index for each of the 
PI categories was calculated based on all 
5 G-characteristics and all demos by using 
Equation (15). 5G will have the most impact on 
maintenance performance, productivity, and flex-
ibility. The impact index of 5G on quality and 
sustainability shows that these PI categories will 
be less affected. Table 6 shows a summary of the 
overall impact index of 5G on the PI categories, 
based on all demos.

Figure 11. The figure describes the individual impact index of wide network coverage, low latency, and scalability on productivity, 
quality, maintenance performance, flexibility, and sustainability respectively in Demo 8.
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4.11. Analysis of qualitative data from open 
questions

The interviewees experienced it a bit challenging 
to estimate the impact of 5G-technology using the 
evaluation matrix. The demonstrator, the specific 
PI, and the specific 5G-characteristic needed to be 
kept in mind while evaluating the impact. Still, 
Interviewee 3 said: ‘You need to connect it to the 
demonstrator. Otherwise, it will be too generalized’. 
In other words, what you should use 
5G-technology for, and what kind of effects to 
expect, depends on the application. Interviewee 3 
continues: ‘You need to look at different cases [i.e. 
different applications/demos]. They will impact dif-
ferently’. This was also highlighted by Interviewee 
1: ‘What’s the connection between “returned goods” 
and “factory radio design”? [i.e. a quality PI related 
to Demo 1]’. The same evaluation matrix was used 
for all demos (i.e. same 5G-characteristics and PIs), 
which made it clear that not all PIs are directly 
related to each of the demos.

Whether you need 5G-technology or not for certain 
applications were mentioned during the interviews. 
5G-technology offers high bandwidth and low 
latency, which also can be delivered through 
Ethernet. However, it is extremely costly to change 
installations including cables. As Interviewee 3 said: ‘It 
is extremely costly to change today. Install cables and 
network. And the flexibility to add data points. We can 
do it today, but it is time-consuming and costs a lot of 
money. That is the difference’. The flexibility aspect was 
also highlighted by interviewee 1: ‘We have high 
requirements on flexibility: both up and down in pro-
duction volume, but also to move equipment. Of course, 
we will be more flexible without wiring’. Even though 
5G-technology is not the only wireless communica-
tion technology, ‘we have a lot of problems with Wi-Fi 
today [. . .]. It is not reliable, we cannot use that for 
critical applications’ (Interviewee 1). In other words, 
5G-technology will increase flexibility, without com-
promising on reliability. However, some practical 
issues need to be solved before deployment of the 
technology in full scale ‘[. . .] but I am sure we will solve 
them’ (Interviewee 2).

The interest in maintenance has accelerated in 
the digitalization context and was mentioned by 
some of the interviewees. For example: ‘It is a lot 
of focus on maintenance [. . .] that is great!’ 
(Interviewee 3). It was mentioned that mainte-
nance departments generally get responsible for 

Table 4. Top three 5G-characteristics and global impact index (all demos) per PI category.
Productivity

Top three 5 G-characteristics Additional data sources High data volume Low latency
Global impact index 0.64 0.63 0.63

Quality
Top three 5 G-characteristics Low latency Additional data sources Deterministic latency
Global impact index 0.54 0.53 0.52

Maintenance performance
Top three 5 G-characteristics Low latency Additional data sources High data volume
Global impact index 0.69 0.67 0.64

Flexibility
Top three 5 G-characteristics Additional data sources Scalability Wide network coverage
Global impact index 0.76 0.66 0.64

Sustainability
Top three 5 G-characteristics Low latency Scalability Additional data sources
Global impact index 0.41 0.39 0.38

Table 5. The top three 5 G-characteristics, based on all demos.
All demos: Top three 5G-characteristics and overall impact index
Additional data sources Low latency Scalability
0.58 0.57 0.53

Table 6. Overall impact index of 5 G on each PI category, based 
on all demos.

All demos: 5G’s impact on PI category and overall impact index
Productivity Quality Maintenance 

performance
Flexibility Sustainability

0.59 0.47 0.60 0.58 0.35

16 C. LUNDGREN ET AL.



equipment that they have not had the opportu-
nity to impact on the specification during pur-
chase. The expectation of digitalization is to 
provide data and information about machine 
health conditions, to lower downtime of equip-
ment, which in turn will have an impact on 
productivity.

The benefits of 5G-technology have mostly been 
discussed in technological aspects. Similarly, IT 
departments at manufacturing plants usually have 
a technological focus on PIs; for example, how long 
time it takes to solve the IT problem. Interviewee 3 
told about one of their customers, where they have 
introduced new PIs for the IT department: ‘a strong PI 
now is related to production output’. In this factory, 
they have started to link the IT department to pro-
ductivity, as the goal of the factory (and thus also the 
IT department) is to produce goods.

The awareness of benefits in using 5G-technology, 
and other new technology as well, is increasing. 
Interviewee 1: ‘The important aspect, for us, is not the 
demonstrator itself, but the process of increasing the 
awareness regarding 5G-technology’. Still, there are 
some challenges in the investment of new technol-
ogy, mostly related to lacking knowledge; ‘they do not 
know what to buy’ (Interviewee 4). But when they get 
over it, most people understand the benefit of digita-
lization. Interviewee 3: ‘Some management levels have 
realized that there are more than technological benefits 
with digitalization and 5G-technology’. To summarize, 
the interviewees project 5G-technology to mainly 
impact the PI categories flexibility, productivity, and 
maintenance performance.

5. Discussion

The new applications characterizing digitalized man-
ufacturing are introducing new requirements on com-
munication technology. Experts in mobile 
communication technology are using technological 
characteristics and network performance to explain 
the benefits of 5G-technology in, for example, manu-
facturing (Peuster et al. 2019; Morgado et al. 2018). 
However, industry practitioners are rather interested 
in how 5G-technology can impact the performance of 
the manufacturing plant than technological charac-
teristics. This study aims to determine the impact of 
5G-technology on manufacturing performance by 
answering the research question: Which key 

characteristics of 5G-technology have the highest sig-
nificant impact on manufacturing performance? 
Additional data sources, low latency, and scalability 
are projected to have a significant impact on produc-
tivity, flexibility, and maintenance performance. The 
results make it clearer how 5G-technology is pro-
jected to impact the performance of the manufactur-
ing system, and thus why the manufacturing industry 
should invest in 5G-technology. Thereby, this paper 
makes a range of contributions.

Firstly, 5G-technology is linked to manufactur-
ing performance. From a theoretical point of view, 
the focus shifts from network performance to 
manufacturing performance. The practical implica-
tion is that it becomes clearer for industry practi-
tioners why they should invest in 5G-technology 
and how this technology can be applied. The 
results from this study show that productivity, 
flexibility, and maintenance performance will 
gain the most from 5G-technology. These aspects 
(especially flexibility) have also been acknowl-
edged in the literature; to benefit from 
5G-technology and enable digitalized manufactur-
ing (Palattella et al. 2016; Rao and Prasad 2018; Li, 
Da Xu, and Zhao 2018; Digital; Catapult 2019).

The characteristics of 5G-technology have not 
been evaluated concerning manufacturing perfor-
mance indicators before; leading to the second 
contribution. This study highlights the top three 
characteristics of 5G-technology: additional data 
sources, low latency, and scalability. 
5G-technology will make it easier to add data 
points from where to collect data. For example, 
it becomes easier to upgrade an old machine by 
adding sensors to collect and analyze data from 
equipment that is not equipped with the latest 
technology. Similar results have previously been 
reported. Reliability, low latency, scalability, high 
data rates, high device density, security, and 
mobility/flexibility are all important characteristics 
for several IoT applications (Palattella et al. 2016; 
Rao and Prasad 2018; Li, Da Xu, and Zhao 2018). 
However, this study is linking such characteristics 
to manufacturing performance.

Thirdly, this study makes it clear that the ben-
efit of 5G-technology differs between applications; 
the top three 5G-characteristics varied between 
the eight demonstrators. For example, low latency 
tends to be more important in applications 
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focusing on connectivity to production cells, 
machines, and other devices to enable monitor-
ing, controlling, and analysis of data in real-time. 
This was seen in demo 3, 5, 6, 7, and 8. 
Applications including data and information for 
human operators are dependent on wide network 
coverage, seen in demo 4 and 8. The human 
operators are supposed to move around in the 
production system and connectivity is needed 
everywhere to ensure that they can access the 
data and information needed to operate the 
machine. It is thus necessary to consider the 
application area when evaluating how to use 5G 
and for what purpose. This is confirmed from both 
the quantitative and the qualitative analysis. From 
the quantitative analysis, the value of the indivi-
dual impact indexes was higher compared to the 
global impact indexes. For example, the individual 
impact index of low latency on maintenance per-
formance was calculated to 0.81 in demo 3. The 
global impact index of low latency on mainte-
nance performance was calculated to 0.69. This 
means that low latency is considered more impor-
tant for maintenance performance in demo 3, 
compared to the importance of low latency for 
maintenance performance across all demos. This 
was simplified by one of the interviewees: ‘You 
need to look at different cases [i.e. different 
demos]. They will impact differently’.

Fourthly and lastly, this study contributes with 
a method that can be used for evaluating the potential 
values that can be gained from a digital technology 
applied in a manufacturing process: the modified 
TOPSIS method. There is an urge and need for new 
ways of evaluating digital technologies to identify the 
values they can bring to the right application. Regarding 
the ability of managers to decide which new technology 
to invest in, one of our interviewees said: ‘they do not 
know what to buy’. This comment suggests that man-
agers are still lacking the knowledge and tools they 
need to evaluate new technology. The domain expert 
in a manufacturing area is crucial for identifying where 
the biggest opportunities and challenges are for imple-
menting digital technologies (McAfee and Brynjolfsson 
2012). The modified TOPSIS makes it possible to analyze 
the relationship between the characteristics of 
5G-technology and performance indicators, with impli-
cations that the benefits of 5G-technology can be dis-
seminated to a wider range of industrial companies.

The authors would like to acknowledge some lim-
itations of the study that can give insights to future 
research areas. Firstly, for the modified TOPSIS 
method (Hwang and Yoon 1981), GMM was used for 
aggregating the impact of the evaluation matrixes 
composed of the answers from the interviews. 
Afterward, the Euclidean distance metric was used 
to calculate the distances to the ideal lowest and 
highest impact value, from where individual, global 
and overall impact indexes were obtained. The study 
did not include any other aggregation methods for 
comparison. For future research, the authors suggest 
testing other aggregation methods (such as harmonic 
mean operator) and other distance metrics (for exam-
ple Manhattan distance) (Shih, Shyur, and Lee 2007) 
for comparative analysis.

Secondly, 5G-technology is not yet fully implemen-
ted in the manufacturing industry, making it impos-
sible to measure its actual impact on performance. 
Instead, the results from this study are based on 
estimations from four manufacturing experts posses-
sing relevant IT knowledge to perform this evaluation. 
This study aimed to contribute to a more specific 
description of the impact on 5G-technology in differ-
ent applications (i.e. the demos); rather than making 
a broad empirical study about 5G-technology in man-
ufacturing. Three criteria were used to select intervie-
wees: (1) domain knowledge about manufacturing, 
(2) knowledge about 5G-technology, and (3) familiar-
ity with the eight demos in the 5GEM-project. Four 
interviewees were selected. A modified TOPSIS 
method was used to ensure the robustness of the 
results, without requiring any specific number of 
respondents. However, for future research, the 
authors suggest having a broader range of respon-
dents, aiming to generalize the use of 5G-technology 
in the manufacturing industry. The authors also pro-
pose research studies where 5G-technology’s impact 
on industrial performance indicators are measured 
and followed up in industrial applications.

6. Conclusions

This study aimed at determining the impact of 
5G-technology on manufacturing performance, to 
facilitate investment and deployment of 
5G-technology in the manufacturing industry. The 
results show that 5G-technology in manufacturing 
will impact the most on productivity, maintenance 
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performance, and flexibility. A slightly lower impact is 
seen for the quality and sustainability aspects. Low 
latency, the ability to add new data sources, and 
scalability are the most important technical character-
istics of 5G-technology. Nevertheless, the importance 
of specific 5G-characteristics is dependent on the 
application where 5G-technology is used. Similarly, 
the impact of 5G-technology differs between applica-
tions. Still, it is possible to conclude that 
5G-technology will mainly impact productivity, main-
tenance performance, and flexibility. The results of 
this study are based on a modified TOPSIS method; 
an advantage in terms of computational efficiency in 
projecting the impact of 5G in a structured mathema-
tical form which ensures the robustness of the results.

5G-technology meets the network requirements 
for many applications in digitalized manufacturing. 
By describing the impact of 5G-technology in terms 
of industrial PIs, rather than the performance of the 
network, it becomes clear how 5G-technology will 
impact the performance of the manufacturing plant. 
Knowing the impact on manufacturing performance 
can facilitate investment and deployment of 
5G-technology in the manufacturing industry. Thus, 
industrial companies can continue the development 
of digitalized manufacturing with the support of 
5G-technology.
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Appendix A – Evaluation matrix

Appendix B – Step-wise calculation results of 
the modified TOPSIS method: An example for 
Demo 1

Step 1: The aggregated matrix for Demo 1 according to 
Equations (2–3).

Sets of PIs

P Q M F S
5Gi PI1 PI2 PI3 PI4 PI5 PI6 PI7 PI8 PI9 PI10 PI11 PI12 PI13 PI14 PI15

Dagg
1 ¼ 5G1 3.56 2.38 3.94 3.16 2.99 2.63 3.56 3.76 2.99 3.46 3.22 3.87 2.78 2.11 3.31

5G2 3.72 3.22 4.47 3.56 3.36 3.36 3.94 4.16 3.46 3.72 3.46 4.16 2.78 2.00 3.56
5G3 3.72 4.16 4.47 2.83 3.13 2.91 3.31 3.31 3.13 3.36 3.94 4.73 2.51 1.86 3.94
5G4 4.23 3.22 4.47 3.13 2.91 2.91 3.94 3.72 3.13 3.94 3.36 4.23 2.21 1.86 3.08
5G5 4.47 3.72 4.73 2.91 2.91 2.62 4.47 4.23 3.36 3.66 3.13 3.94 2.34 1.86 2.78
5G6 4.00 3.46 3.94 3.13 2.91 3.13 3.94 3.72 3.46 3.31 3.36 3.56 2.21 1.68 2.78
5G7 4.23 3.94 4.00 4.23 3.72 4.00 4.47 3.94 4.00 4.16 4.16 4.47 2.63 1.86 4.23
5G8 4.73 3.94 4.23 3.46 3.46 3.72 4.47 4.23 4.00 4.47 3.94 3.94 2.21 2.00 3.31
5G9 4.47 4.16 4.23 4.23 3.94 3.91 4.16 4.23 3.72 3.76 4.16 3.87 2.45 1.86 3.08
5G10 3.66 3.41 3.94 3.22 3.46 3.22 3.72 3.94 3.94 4.47 4.23 3.94 2.51 2.38 4.23
5G11 3.94 3.31 4.16 3.94 4.00 3.63 3.94 3.94 3.72 4.00 3.72 4.00 2.38 2.00 3.94
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Step 2: The LIV and HIV according to Equations (4–5). 

LIV1 ¼ 1 

, 

HIV1 ¼ 5 

Step 3: The calculated DLIV and DHIV for each PI category 
(set) according to Equations (6–7).

Step 4: The calculated individual impact index for each 

PI category (set) according to Equation (8). Step 5: The ranking of 5 G-characteristics for each PI 
category (set).

Sets of PIs

5Gi P Q M F S
DLIV1

iðindividualÞ DHIV1
iðindividualÞ DLIV1

iðindividualÞ DHIV1
iðindividualÞ DLIV1

iðindividualÞ DHIV1
iðindividualÞ DLIV1

iðindividualÞ DHIV1
iðindividualÞ DLIV1

iðindividualÞ DHIV1
iðindividualÞ

5G1 4.13 3.18 3.36 3.61 4.26 2.77 4.39 2.60 3.12 4.01
5G2 4.94 2.25 4.21 2.73 4.97 2.05 4.85 2.17 3.27 4.00
5G3 5.43 1.62 3.40 3.55 3.90 3.03 5.30 1.97 3.41 4.14
5G4 5.24 2.01 3.44 3.49 4.54 2.50 4.96 2.10 2.56 4.62
5G5 5.78 1.41 3.15 3.79 5.30 1.88 4.50 2.53 2.39 4.67
5G6 4.87 2.12 3.57 3.37 4.70 2.26 4.18 2.76 2.26 4.87
5G7 5.30 1.65 5.18 1.80 5.45 1.55 5.66 1.30 3.72 4.01
5G8 5.74 1.34 4.42 2.52 5.61 1.37 5.41 1.59 2.79 4.43
5G9 5.70 1.25 5.25 1.70 5.28 1.71 5.09 1.87 2.68 4.48
5G10 4.64 2.34 4.00 2.94 4.97 1.97 5.58 1.42 3.82 3.69
5G11 4.89 2.17 4.96 2.00 4.97 1.97 5.04 1.91 3.39 4.12

Sets of PIs

5Gi P Q M F S
I1
iðindividualÞ I1

iðindividualÞ I1
iðindividualÞ I1

iðindividualÞ I1
iðindividualÞ

5G1 0.57 0.48 0.61 0.63 0.44
5G2 0.69 0.61 0.71 0.69 0.45
5G3 0.77 0.49 0.56 0.73 0.45
5G4 0.72 0.50 0.64 0.70 0.36
5G5 0.80 0.45 0.74 0.64 0.34
5G6 0.70 0.51 0.68 0.60 0.32
5G7 0.76 0.74 0.78 0.81 0.48
5G8 0.81 0.64 0.80 0.77 0.39
5G9 0.82 0.75 0.76 0.73 0.37
5G10 0.67 0.58 0.72 0.80 0.51
5G11 0.69 0.71 0.72 0.73 0.45

Sets of PIs

P Q M F S
5Gi 5 G-characteristics Ranking Ranking Ranking Ranking Ranking
5G1 Low latency 11 10 10 10 6
5G2 Deterministic latency 9 5 7 8 5
5G3 Scalable 4 9 11 5 3
5G4 High bandwidth 6 8 9 7 9
5G5 High data volume 3 11 4 9 10
5G6 High data rate 7 7 8 11 11
5G7 Additional data sources 5 2 2 1 2
5G8 Wide network coverage 2 4 1 3 7
5G9 Secured spectrum 1 1 3 4 8
5G10 Centrally controlled device connectivity 10 6 5 2 1
5G11 Data traffic policies – prioritized devices 8 3 6 6 4
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