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Abstract: The competition within the manufacturing industry is becoming increasingly intense in the
Industry 4.0 era. Some manufacturers are transforming their traditional product-selling business model into
product-service combos to gain customer loyalty and new sources of revenue through the so-called
manufacturing servitisation. Predictive maintenance (PdM) is a strategy that significantly overlaps with
manufacturing servitisation in terms of enabling technologies, including IoT, Big Data, Cloud Computing,
etc. PAM is expected to both maximise productivity and minimise maintenance costs. Although much
attention has been given to PdM and manufacturing servitisation, previous studies have ignored the synergy
of PAM and manufacturing servitisation. This paper highlights the importance and feasibility of
implementing PdM servitisation. Additionally, by analysing practical PdM servitisation cases, three PdAM
servitisation pathways are defined. Finally, the defined pathways are discussed, and future research

directions are proposed.
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1. INTRODUCTION

Industry 4.0, often referred to as the 4™ industry revolution
(Lee et al., 2014), typically encompasses the transformation
towards automation, digitalisation, and integration of various
aspects of manufacturing and industry processes. This
transformation is enabled by the incorporation of advanced
technologies such as the Internet of Things (IoT), artificial
intelligence (Al), and the interconnection of cyber-physical
systems. Such transformation has resulted in increasingly
intense competition within the manufacturing industry. For
example, manufacturers are expected to produce more
customized products (Mourtzis et al., 2022), meet stricter
sustainability requirements, and widely apply data technology
to enhance manufacturing performance (Lee et al., 2014).

During the transformation process, the manufacturing industry
has seen significant changes in the way it operates (Mourtzis
et al., 2022). On the one hand, various new methods and/or
strategies are applied in manufacturing operations, such as
Predictive Maintenance, Digital Twins, Cloud Computing,
Augmented Reality and Virtual Reality, to name a few. Among
these strategies, predictive maintenance (PdM) is expected to
reduce maintenance costs and increase productivity (Zonta et
al., 2020) . It utilises predictive tools to continuously monitor
devices/components  states  continuously,  proactively
identifying possible faults (Li et al., 2022). Such predictive
knowledge allows for maintenance actions to be taken before
faults occur.

Conventionally, enterprises primarily focused on selling
products only. In such a business strategy, the relationship
between enterprises and customers can be described as a 'one-
time purchase' relationship. Servitisation, as business model,
in which enterprises attempt to transfer their conventional
business model to one that combines both product and service.

In the servitisation business model, enterprises can gain
additional value by providing customers with comprehensive
services and solutions (Vandermerwe and Rada, 1988). This
business model helps improve customer satisfaction and
loyalty, thus establishing stronger relationships between
enterprises and customers (Luz et al., 2018) and generating
additional revenue streams beyond the initial sale of products.

Manufacturing servitisation has been studied intensively, and
researchers and enterprises have widely realised and accepted
its advantages (Luz et al., 2018). Various manufacturing
servitisation business models, structures, and enabling
technologies to have been presented and discussed (Chen et
al., 2022). However, only a few studies focused on PdM
servitisation (Comapre et al., 2019).

PdM servitisation is a topic with significant potential. Firstly,
by studying and implementing such an approach, enterprises
that have adopted PdM can enhance customer satisfaction and
loyalty and generate new revenue sources (Compare et al.,
2019). Secondly, researching PdM servitisation would assist
enterprises in better understanding the cost-efficiency and
return on investment of PAM implementation, thereby aiding
in the development of long-term strategies (Wang and Wang,
2018). Lastly, studying PdM servitisation can help justify the
initial investment of PdM implementation, as PdM often
requires a substantial investment (Comapre et al., 2019).

Despite the potential of PAM servitisation, its feasibility must
also be discussed before starting research. As a technology-
intensive strategy, PdM usually requires a substantial
investment in tangible and intangible assets to implement and
operate, such as the Internet of Things (IoT), Machine
Learning, Digital Twins (DT), AR/VR, etc. Interestingly, all
these technologies are also key enablers of manufacturing
servitisation. When examining the related fields of both PdM
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and manufacturing servitisation, it becomes evident that there
is a significant overlap, indicating a strong interconnection
between them. This interconnection is discussed in detail in the
following literature review section.

First, this research aims to justify the feasibility of PdM
servitisation and highlight the importance and advantages of
exploring this topic. To achieve this goal, a literature review is
conducted to demonstrate the strong connection between PAM
and manufacturing servitisation. The second aim is to define
potential PdM servitisation pathways, including their structure,
capabilities, enabling technologies, etc. To achieve such an
aim, real-world PdM servitisation cases are reviewed and
classified. Their business model, structure, and capabilities are
presented and discussed. Last, the paper defines the rationale
of pathways to distinguish pathways better and help companies
to select the most suitable pathway.

2. LITERATURE REVIEW
2.1 Introduction to Predictive Maintenance

Maintenance is essential to the manufacturing industry.
Firstly, maintenance costs account for 15 to 60% of the total
production cost (Mobley, 2002). In addition, maintenance has
a high impact on other essential manufacturing performance
indicators, such as productivity, safety, and quality (Zonta et
al., 2020). According to Zonta et al. (2020), there has been a
significant increase in papers related to PAM published since
2014. In the Industry 4.0 context, PdM gains advantages from
data collected from multiple sensors for continuous
component state/performance monitoring and remaining
useful life estimation (Zonta et al., 2020). It allows the
manufacturing industry to optimise their maintenance
scheduling based on component state.

2.2 Predictive maintenance implementation goals

This paper explores the PAM implementation goals outlined in
previous studies.

Cost reduction

Cost reduction is the primary goal of PAM implementation. As
mentioned in the previous section, PAM enables enterprises to
estimate the remaining useful life of components. This
minimises the requirement for spare parts and maintenance
actions, reducing maintenance costs. Therefore, the cost model
for the PdM strategy usually depends on the specification of
the system/equipment and component RUL (Ran et al., 2019).

Productivity improvement

Productivity improvement is another goal when implementing
PdM. It is achieved through device reliability and availability
maximisation. Reliability in the maintenance sector refers to
the likelihood of a system or equipment maintaining its
functional state over a defined period. Availability is expressed
as the uptime of a machine or device (Gravette and Barker,
2015). Efforts on such topics can be seen in Daily and Peterson
(2017), Gravette and Barker (2015), and Lee et al. (2017).

Maintenance performance optimisation

In practice, more indicators are used to measure the
performance of maintenance actions such as safety, product
quality, feasibility, etc. Focusing on only one is often
insufficient for evaluating the optimal solution. Therefore,
multi-objective optimisation approaches promise a more
balanced trade-off among various optimisation objectives
(Tian et al., 2012). Efforts on such topics can be seen in Sang
et al. (2020), Yoon et al. (2017), Liu et al. (2021) and Proto et
al. (2020).

2.3 Introduction to manufacturing servitisation

Servitisation is a business model in which enterprises attempt
to transfer their conventional product-selling strategy to one
that combines product and service. The term "servitisation"
first appeared in the late 1980s to early 1990s (Vandermerwe
and Rada, 1988) and has seen a significant increase in the
number of publications related to it since 2008 (Chen et al.,
2022). The aim of this transformation is to gain higher
customer satisfaction and sustainable competitive advantages,
improve client experiences, build long-term connections,
generate new sources of revenue, and boost consumer loyalty
(Luz et al., 2018).

The servitisation business model enhances customer
satisfaction and loyalty by providing maintenance, repairs, and
upgrade services. This approach helps establish stronger
connections with clients and generate additional revenue
streams. Secondly, manufacturers can distinguish themselves
in the competitive market by delivering unique services, thus
attracting new customers. Lastly, servitisation enhances
efficiency and productivity by continuously analysing data
generated from service activities, driving continuous
improvements in products and processes (Luz et al., 2018).

Manufacturers encounter specific challenges when adopting
servitisation. The essential obstacle involves changing their
organisational culture and moving from a product-centric
approach to a service-oriented perspective. Furthermore,
significant investments in digital technologies and
infrastructure, such as IoT, cloud computing, and data
analytics, are required to fully reap the benefits of digital
servitisation. Additionally, companies may need to focus more
on services, which could harm their business (Paschou et al.,
2020).

2.4 Predictive maintenance and manufacturing servitisation
interactions

Ran et al. (2019) explored research terms strongly related to
PdM, which revealed that the terms most associated with PdAM
include big data, IoT, smart manufacturing, cyber-physical
systems (CPS), cloud computing, and machine learning. Zhuo
and Song (2021) evaluated research terms strongly related to
manufacturing servitisation, and they found that terms most
associated with manufacturing servitisation include big data,
IoT, smart-service systems, cyber-physical systems, cloud
computing, and product-service systems.

There's a notable overlap between PdM and servitization,
evident in shared terms like big data, [oT, and cloud computing.
Despite PAM and servitization not having been studied
together, their interconnectedness is apparent. In this context,
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enterprises implementing PdM may require less initial
investment to introduce servitisation. In other words,
enterprises with PAM may risk losing competitiveness if they
do not introduce servitisation. In addition, PdM is a key
element for CPS, and servitisation is a key element for the
product-service system. Studying PdM servitisation may result
in a better understanding of the cyber-physical-product-service
systems (CPPSS), which is an important aspect of industry 4.

In addition, Rodrigo et al. (2017) introduced a systematic
method for manufacturers to implement servitisation,
delineating short-term, mid-term, and long-term goals. Short-
term goals include increased cost efficiency, flexibility, and
customer retention, achievable through enhancements in
operational, project, logistic management, and productivity.
Notably, these objectives can be facilitated by implementing
PdM, positioning it as a catalyst for servitisation promotion.
Thus, companies with PdM integration may exhibit superior
servitisation performance. This underscores the strong
correlation between PdM and manufacturing servitisation,
although further research is warranted in this area.

In summary, the study of PdM servitisation can justify the high
initial investment in PAM implementation. Secondly, PdM can
serve as an enabler for implementing and promoting
manufacturing servitisation. By doing so, manufacturers can
attract new customers, generate new revenue, and increase
customer satisfaction and loyalty.

3. PREDICTIVE MAINTENANCE SERVITIZATION
PATHWAYS

Practical PdM servitisation cases are investigated and
analysed, the cases are the project reports or introductions
from service providers in the market that are available from
open-source databases.t.  In this section, three PdM
servitisation pathways are defined based on their business
models capabilities, and requirements that have been collected
and analysed from the literature review. Such pathways target
customers, including machinery, product/component
production, assembly, and raw material processing companies
within the manufacturing sector.

Pathway 1: Predictive maintenance solution service

The first pathway defined is the PAM Solution Service. In this
pathway, companies provide a complete PdM solution to
customers. Such a solution includes consultations, such as
critical device identification, software for data analysis,
predictive modelling, computation, etc., and maintenance
strategy analysis. In this pathway, the service provider may
also offer IoT solutions associated with the PdM solution to
customers (IBM, 2023a; C3.ai, 2023).

In this pathway, customers can mainly benefit from cost
reduction, reduced failures, improved asset availability, and
reduced operational risks. Customers still perform
maintenance actions themselves. To provide a PAM solution
service, the provider should be able to identify critical
components and devices for different sectors first. Next, the
provider should be able to develop suitable PAM models for
customers based on their specific needs. Also, the provider
should be able to provide optimised maintenance plans based

on the system or device's state. Lastly, some providers may
offer their own IoT development plans and devices.

Pathway 2: Predictive maintenance-enabled service

The second defined pathway is the PAM-Enabled Service. In
this pathway, PdM serves as a part of a comprehensive service
plan or an enabler for services. These services leverage the
capabilities of asset condition monitoring and predicting
remaining service life to help customers optimise performance.
This optimisation may encompass asset and labour
productivity, enhancements in human capital structure, better
asset management, safety enhancements, and risk reduction,
among other benefits (Siemens, 2023; IBM, 2023b; SAP, 2023;
GE, 2023).

To provide PAM-Enabled Services, service providers should
possess the capabilities required for offering PAM Solution
Services and have a deep understanding of maintenance
actions and related work processes, including productivity,
safety, and quality. This understanding is essential for
identifying potential performance optimisation plans related to
maintenance.

Pathway 3: Predictive maintenance service

The last identified pathway is PdM Service. In this pathway,
the provider delivers PdM solution services to the customer,
conducts asset monitoring and provides maintenance action
services. After implementing a PAM system for customers, the
provider may monitor local or remote asset and relay fault
alerts to the customers. Some providers may also deliver
maintenance actions to the customer (ABB, 2023).

Customers can benefit from the advantages of PdM
implementation, as well as from more professional
maintenance actions and reduced human capital costs. In
addition to the capabilities offered through PdM Solution
Services, the provider should have a team of maintenance
experts to monitor customer asset conditions or perform
maintenance actions on their behalf.

4. DISCUSSION OF THE THREE PATHWAYS

This section presents their rationale for distinguishing the three
pathways better and helping companies select the most
suitable PdM servitisation pathway. Three dimensions are
considered for their assessment, namely: “Basic Function”,
“Additional Functions”, and “Cost”. Each of the three
dimensions includes multiple sub-dimensions. The "Basic
Function" and "Additional Functions" benefit each pathway.
Besides the sub-dimension types, sub-dimension capability
levels are also included to justify their rationale. Sub-
dimension capability levels describe the capability of
pathways in terms of each dimension.

“Basic Function” refers to the fundamental function for
maintenance tasks, including productivity improvement,
safety improvement, quality improvement, and functionality.
Since the sub-dimensions for “Basic Function” are qualitative
in nature, marking scales are employed to quantify them. The
marking is based on the description of PdM capabilities in
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terms of the sub-dimensions published by researchers. The
marking scale is presented in Appendix 1.

“Additional Functions” refers to the functions related to
maintenance tasks or enabled by them, including production
management improvement, logistic improvement,
transparency improvement, and sustainability improvement.
The same marking method as in the case of “Basic Function”
marking is employed, and the marking scale is also presented
in Appendix 2. The two appendices are built based on a
literature review. The paper discusses PAM implementation
benefits, and the benefit levels are reviewed. The related
benefits and benefit levels descriptions are summarised to
mark the basic function and additional function dimensions.
The key criteria to be considered when assessing the three
pathways are presented in Fig 1.

Production

Additional PdM Logistic

Functions Service

Transparency  Sustainability

+ Safety
Functionality

Basic . L Productivity  Quality
Functions

PdM TaM-
Solution Enabled

Seryick Service

Fig. 1: Pathway rationale

For the sub-dimensions of “Basic function”, both Predictive
Maintenance Solution Service and Predictive Maintenance-
enabled Service can achieve Marks 1, 3, and 5. The specific
mark achieved depends on the PdM technique applied
(experience-based, model-based, data-driven, etc.) (Li et al,,
2022). However, real-time decision-making and actions
become challenging for the Predictive Maintenance Service
Pathway, where devices can be monitored remotely by service
providers.

For the sub-dimensions Production Management
Improvement and Logistic Management of additional
functions, Predictive Maintenance Solution Service and
Predictive Maintenance Service Pathway can only achieve
Mark 1 since automated software is not implemented.
Regarding transparency and sustainability improvement, the
predictive maintenance solution service can achieve Mark 3,
but it cannot provide any transparency since service providers
collect and store data. Predictive Maintenance-enabled Service
can achieve Mark 5 for all sub-dimensions related to additional
functions. However, it should be noted that to achieve Mark 5
for Trenchancy improvement, stakeholders within the value
chain must operate their business and production in a fully
digitalised way.

Cost refers to the cost of pathway implementation and
operation. Based on Achouch et al. (2022), Table 1 presents
the sub-dimensions included in the Cost dimension.

Where Cy is the required hardware cost for implementing
pathways, for a defined production system, the required
hardware for adapting three pathways is the same. Therefore,
Cy1 = Cyy = Cy3 = Cp,. Cs is the required software cost for

implementing pathways; since Predictive Maintenance-
enabled Service allows customers to have different additional
functions compared to other pathways, the required
types/functions of software also increase. After investigating
the prices of several types of software in the market, the
authors assume that Cg, = 1.5C to 3C;. However, service
providers own and operate the required software in the
Predictive Maintenance Service pathway. Therefore, Cg; = 0.
For the same reason, it is assumed that C, = 1.5 C; to 3C;
and Cr5 =0.

Tablel: Cost dimension

Cost

o Pathway
& 2 Predictive Predictive Predictive
= é @ maintenance maintenance- maintenance

5 solution service | enabled service service
Hardware CHl = Ch CHZ = Ch CH3 = Ch
Cu
Software Csq = Cs Cs, Cs3=0
Cs = 1.5C; to 3C,
Training Cry=C; Crs Crz =0
Cr =1.5C; to3C;
Labour Crr1 = Cir Crrz = Cir Crrz =0
and repair
(per year)
Cir
Service Csr1 = Csr Csra = Csr Csrz = Csr
CSR + nx

C.r is the cost for labour and repair every year; for a defined
production system, the required cost for labour and repair
every year for pathways is the same. However, in the
Predictive Maintenance Service pathway, service providers
conduct maintenance actions. Therefore, the three required
consultancy pathways are the same; however, an additional fee
for maintenance operation service is required for the Predictive
Maintenance Service pathway. Therefore, Csgq = Cspp = Cyy
and Cspz = C5 +nx. Where n is the number of years of
service use and x is the additional maintenance operation
service fee yearly. The cost model for pathways is presented
in Fig 2.

Cost

Predictive maintenance-enabled s

service =

_— Predictive maintenance
solution service

Predictive maintenance service  Year of using service

Fig. 2: Pathway cost model schematic illustration

Predictive Maintenance-enabled Services require the most
initial investment. However, as the number of years of use
increases, the total cost of Predictive Maintenance Services
will exceed that of other pathways. This is because Predictive
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Maintenance Services an additional fee for

maintenance operations.

require

5. DISCUSSION AND CONCLUSIONS

Three PAM servitisation pathways are defined in this paper:
PdM Solution Service, PdM-Enabled Service, and PdM
Service. While these pathways' business models, requirements,
and capabilities differ, their core business logic remains
consistent—providing PAM implementation and operation-
related solutions to help customers reduce maintenance costs,
optimise processes, and enhance human capital performance.
The rationale for the defined pathways is presented, including
basic functions, additional functions, and cost. The PdM
Service pathway can achieve the least basic functions, while
the PdM-Enabled Service can achieve the most additional
functions. Regarding cost, PAM-Enabled Service requires the
most initial investment, but PAM Service is the most expensive
in the long term.

The first contribution of this paper is justifying the
interrelation between PdM and manufacturing servitisation.
The two terms share several overlapping technologies, and
PdM can be an enabler of manufacturing servitisation. The
second contribution is defining three PdM servitisation
pathways, which allow an understanding of the existing forms
of PdM servitisation. The last contribution is defining the
rationale of pathways, which allows manufacturers to select
the most suitable pathway based on their situations.

This paper underscores the advantages and feasibility of
studying PdM servitisation. Utilising practical PdM
servitisation cases, the authors have defined three pathways
related to PdAM implementation and operation: PAM Solution
Service, PdAM-Enabled Service, and PdM Service. In addition,
this research defines the rationale of each pathway.

In the future, the authors aim to establish a rule-based method
for companies to assess the optimal pathway, which involves
considering three defined dimensions. In addition, the authors
recommend that future studies focus on establishing new PdM
servitisation pathways based on the distinctive features of PAM
and manufacturing servitisation and developing frameworks
for pathway implementation.
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Appendix1: Basic function marking

Basic Functions

Sub- Marks
dimensions 1 3 5
- Retraining the
Q .
= device to a
= functional state
Fuzzy state prediction Accurate fault Accurate fault
enables device state prediction is prediction is
2 inspection, fault achieved, enabling achieved, and
E estimation, and the accurate possible faults can
3 prevention of prediction of be detected and
3 unexpected remaining useful predicted in real-
C shutdowns before job | life for parts. (Saez time (Daily and
completion (Tiddens et al., 2018). Peterson, 2016).
et al., 2020).

Product quality is Product quality is | Product quality is
improved, and any further improved, improved to the
uninspected tool or and uninspected greatest extent, as

i device defect is tool or device uninspected tool
E minimized before defects are or device defects
© | completing a specific predicted and are predicted and
job (Tiddens et al., resolved in advance resolved in
2020). (He et al., 2017). advance. (Lu et
al., 2021).
The device is Safety for the Theoretically, any
anticipated to operate operator, device, potential safety
normally until a and customer is risk is predicted in
;E specific job is further enhanced real-time and
A completed, aiming to | with the expectation resolved in
enhance safety of normal device advance (Gortir et
(Compare et al., operation (Yoon et al.,, 2021).
2019). al., 2017).
Appendix2: Additional function marking
Additional Functions
Sub- Marks
dimensions 1 3 5
The production Production plans Management software
plan will not be are automatically automatically conducts
a affected since conducted by production plans using
'% device shutdown production real-time device data. If
= can be avoided management stakeholders change,
:E before a specific software using plans can be instantly re-
job is finished device operation optimized (Einabadi et
(Tiddens et al., data (Lee et al., al., 2019).
2020). 2017).
The raw material Software The raw material and
and spare part automatically spare part purchase and
purchase plan, as optimizes raw storage plan, as well as
-2 well as the material and spare | the production delivery
'Elj; product delivery part purchase, plan, are automatically
| plan, can be storage plans, and optimized by software
optimized product delivery based on real-time
(Irawan et al., plans (Hribernik et device operation data.
2017). al.,, 2018). (Prato et al., 2020).
The waste of The waste of energy and
= energy and raw raw materials is reduced
= materials is to the largest extent
"zg reduced since the since the productivity
‘3 productivity and and product yield are
[%’ product yield are improved to the largest
improved (Cinar extent (Rodseth et al.,
et al., 2020) 2016)
Any stakeholder is Any stakeholder is
& allowed to access allowed to access and
E the production, work on the production,
g. purchase storage purchase storage plan,
= plan, and delivery | and delivery plan in real-
= plan (Sang et al., time (Redseth et al.,
2020) 2016)
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