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Abstract

Purpose – The purpose of this study is to ensure productive, robust and sustainable production systems and
realise digitalisedmanufacturing trough implementation of SmartMaintenance – “an organizational design for
managing maintenance of manufacturing plants in environments with pervasive digital technologies”. This
paper aims to support industry practitioners in selecting performance indicators (PIs) to measure the effects of
Smart Maintenance, and thus facilitate its implementation.
Design/methodology/approach – Intercoder reliability and negotiated agreement were used to analyse 170
maintenance PIs. The PIs were structurally categorised according to the anticipated effects of Smart
Maintenance.
Findings – Companies need to revise their set of PIs when changing manufacturing and/or maintenance
strategy (e.g. reshape the maintenance organisation towards Smart Maintenance). This paper suggests 13
categories of PIs to facilitate the selection of PIs for Smart Maintenance. The categories are based on 170 PIs,
which were analysed according to the anticipated effects of Smart Maintenance.
Practical implications –The 13 suggested categories bring clarity to the measuring potential of the PIs and
their relation to the Smart Maintenance concept. Thereby, this paper serves as a guide for industry
practitioners to select PIs for measuring the effects of Smart Maintenance.
Originality/value –This is the first study evaluating howmaintenance PIsmeasure the anticipated effects of
maintenance in digitalised manufacturing. The methods intercoder reliability and negotiated agreement were
used to ensure the trustworthiness of the categorisation of PIs. Suchmethods are rare in maintenance research.

Keywords Maintenance, Manufacturing, Performance indicators, Smart maintenance, KPI

Paper type Research paper

1. Introduction
Innovations and advancements in technology are generating a shift in the manufacturing
industry that is currently undergoing a transition towards digitalised manufacturing.
Digitalised manufacturing means manufacturing in which the physical world is connected to
the virtual world and in which production systems rely on computer science and advance
manufacturing technology (Kagermann et al., 2013; Xu et al., 2018). All entities of a production
system are expected to be interconnected, to exchange information, make decentralised
decisions and act autonomously. The attention to maintenance has now accelerated, as it is
critical to avoid unexpected stoppages and disruptions in such systems. In fact, predictive
maintenance is one of the highest ranked business cases in the manufacturing industry
(McKinsey Global Institute, 2016). Digitalised manufacturing will, in short, set new,
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substantial requirements on the maintenance function. For meeting these requirements, it is
anticipated that maintenance organisations will change (Bokrantz et al., 2017).

Smart Maintenance is “an organizational design for managing maintenance of
manufacturing plants in environments with pervasive digital technologies” (Bokrantz et al.,
2020a). Smart Maintenance is characterised by four core dimensions: (1) data-driven decision
making, (2) human capital resource, (3) internal integration and (4) external integration. Thus,
working according to SmartMaintenance is expected to have broader effects compared to the
traditional view of maintenance. Traditionally, maintenance is expected to lead to available,
reliable and efficient production systems (Ylip€a€a et al., 2017). However, Smart Maintenance is
expected to contribute to performance at plant-level and firm-level, as well as having effects
on individuals.Measuring and following up on these effects is an important aspect of working
with Smart Maintenance principles and achieve full implementation.

Performance indicators (PIs) are used to measure and follow up effects in the industrial
environment. Industrial standards for maintenance PIs exist, and previous maintenance
research has been conducted to develop and investigate PIs and performance measurement
systems for maintenance; see, for example, Kumar et al. (2013); Sim~oes et al. (2011) and Parida
and Chattopadhyay (2007). Nevertheless, these maintenance PIs were developed before the
digital transition of the manufacturing industry accelerated. Accordingly, current
maintenance PIs measure effects according to a traditional view of maintenance with a
focus on availability and reliability. On the other hand, expectations on Smart Maintenance
cover a broader perspective of, including, for example, firm and plant performance. This
makes the availability of maintenance PIs a valid issue.

The purpose of this study is to ensure productive, robust and sustainable production
systems and realise digitalised manufacturing through the implementation of Smart
Maintenance. Many manufacturing companies worldwide are currently updating their
maintenance strategies in line with the principles of SmartMaintenance. This study analysed
170 maintenance PIs, aiming to support PI selection and bring clarity to the measuring
potential of the PIs and their relation to the Smart Maintenance concept. This paper guides
industry practitioners in selecting performance indicators (PIs) to measure and follow up on
the anticipated effects of Smart Maintenance, which will facilitate its implementation.

2. Theory
Traditionally, maintenance has been seen as a function that repairs equipment. This is
reflected by the standard EN 13306, where the definition of maintenance is “the combination
of all technical, administrative and managerial actions, during the life-cycle of an item intended
to retain it in, or restore it to, a state in which it can perform a required function” (CEN, 2001).
Maintenance work is typically followed up and described in terms of the status of individual
machines, their failure behaviours and repair time. However, in digitalised manufacturing,
maintenance organisations are expected to change; this affects a broader range of aspects
than machine failure behaviours. The following sections will briefly describe digitalised
manufacturing and explain the whole concept of Smart Maintenance. It will be followed by a
section of performancemeasurement in themanufacturing industry. The theory chapter ends
with performance indicators related to maintenance.

2.1 Digitalised manufacturing
Digitalised manufacturing means manufacturing in which the physical world is connected to
the virtual world and in which production systems rely on computer science and advance
manufacturing technology. This transition is anticipated to result in a fourth industrial
revolution, with the German initiative Industrie 4.0/Industry 4.0 as one of the well-spread
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examples (Kagermann et al., 2013; Xu et al., 2018). In Industry 4.0, manufacturing operation
systems are integrated with technologies and innovations such as Big Data, the Internet of
Things (IoT), artificial intelligence (AI), and Cyber-Physical Systems (CPS) (Lu, 2017). The
adoption of these technologies and Industry 4.0 will change the structure of the
manufacturing industry, its competition rules and business models, and in general,
increase the performance (Wang et al., 2015; Dalenogare et al., 2018; Tirabeni et al., 2019). The
production systems are anticipated to act decentralised and autonomous, with higher
requirements of efficiency. For realising this, maintenance, “procedures that make production
systems work” (Groover, 2007) will be crucial to reduce the risks and consequences of
unexpected stoppages. Formeeting the new, substantial requirements of production systems,
maintenance organisations are expected to transform towards Smart Maintenance.

2.2 Smart Maintenance
Various maintenance concepts are recognised as suitable for digitalised manufacturing.
These include, but are not limited to, predictive maintenance (Carnero, 2005), e-maintenance
(Lee et al., 2006; Muller et al., 2008;), prognostics and health management (Lee et al., 2014),
Maintenance 4.0 (Kans et al., 2016), and Smart Maintenance (Munzinger et al., 2009; Bokrantz
et al., 2020a). Smart Maintenance has been the subject of several empirical scenario planning
studies, in close collaboration with industrial representatives (Bokrantz et al., 2017;
Akkermans et al., 2016), thereby providing a common language between scholars and
practitioners. This study refers to Smart Maintenance as “an organizational design for
managing maintenance of manufacturing plants in environments with pervasive digital
technologies” (Bokrantz et al., 2020a). The following sections describe Smart Maintenance,
including its four underlying dimensions (the characteristics of Smart Maintenance),
contextual factors (facilitating or inhibiting implementation) and the anticipated effects of
Smart Maintenance (performance variables). The underlying dimensions, contextual factors,
and the anticipated effects jointly constitute the contingency model of Smart Maintenance
(Bokrantz et al., 2020b).

2.2.1 The underlying dimensions. Smart Maintenance consists of four underlying
dimensions: (1) data-driven decision-making, (2) human capital resource, (3) internal
integration and (4) external integration (Bokrantz et al., 2020a), please see Figure 1.

First, data-driven decision-making is “the degree to which decisions are based on data”
(Bokrantz et al., 2020a) and reflects how maintenance decisions are based on data. This can
include automation and augmentation of human decision-making. Owing to technological
advancements such as machine learning (ML), a reduction in the price of sensors and the
increasing availability of equipment data, maintenance decisions can be increasingly based
on data instead of just experience and intuition (Bokrantz et al., 2017; Bokrantz et al., 2020a).
Second, the human capital resource is defined as “unit capacity based on individual knowledge,
skills, abilities and other characteristics (KSAO) that are accessible for unit-relevant
performance” (Bokrantz et al., 2020a). In other words, it means the knowledge, skills,
abilities and other characteristics ofmaintenance employees. Due to technological change, the
requirements placed upon maintenance personnel are also changing. In particular,
maintenance employees need higher levels of generic skills (such as communication and
collaboration), plus specific skills (as in the case of data analytics) (Bokrantz et al., 2020a;
Akkermans et al., 2016; Roda et al., 2018). Thirdly, internal integration, “the degree to which the
maintenance function is a part of a unified, intra-organizational whole” (Bokrantz et al., 2020a)
refers to the cross-functional collaboration between the maintenance function and the rest of
the plant organisation. It includes such things as the sharing of data, information and
knowledge, and closer synchronisation. Fourthly and finally, external integration is defined
as “the degree to which the maintenance function is a part of a unified, inter-organizational
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whole” (Bokrantz et al., 2020a). It refers to the establishment of links to external parties,
especially networks and strategic partnerships. These links allow for things like equipment
data to be shared between parties, allowing the scaling ofML and consolidation of knowledge
resources (Bokrantz et al., 2020a).

2.2.2 Contextual factors. Several factors influence the adoption of Smart Maintenance, and
certain of them can facilitate or inhibit its implementation (Bokrantz et al., 2020b; Akkermans
et al., 2016). There are three main categories of context variables: change, investment and
interface. Implementing Smart Maintenance requires substantial change across multiple
dimensions of technology, skills and organisation. Such change is influenced by cultural
aspects (a data-focused corporate culture for example) (Bokrantz et al., 2020b; Akkermans
et al., 2016) and algorithm interpretability, as well as the leadership abilities of maintenance
managers (Bokrantz et al., 2020b) Further, implementation requires investment in both
tangible and intangible assets. Tangible assets are obtained primarily through ICT
investment (sensors and IT systems, for example), which are relatively cheap. Intangible
assets are needed if the technology is to be used effectively. These are obtained primarily
through complementary investments (such as the training and education of employees). Such
investment is typically much greater than the direct financial cost of the technology itself
(Bokrantz et al., 2020b). Moreover, the success of any type of investment is influenced by the
ability to quantify the effects of maintenance in accounting terms (Bokrantz et al., 2020b;
Roda et al., 2018) Finally, the contextual factors relating to interfaces primarily influence the
establishment of external integration. This includes digital platforms, openness and
IT-security (Bokrantz et al., 2020b).

2.2.3 Anticipated effects of Smart Maintenance. Adoption of Smart Maintenance is
expected to lead to a broader spectrum of effects, compared to the traditional view of
maintenance. These effects can be divided into three different levels: individual, plant and
firm (Bokrantz et al., 2020b), as described in Figure 2.

Starting at the individual level, Smart Maintenance will change the job characteristics of
maintenance, and is, therefore, expected to influence job satisfaction and organisational
attractiveness for prospective employees (Bokrantz et al., 2020b). For example, data-driven
decision-making can make maintenance activities increasingly predictable and plannable,
reducing the stress of reactive firefighting. Further, the younger generation of workers is

Figure 1.
The four underlying
dimensions of smart
maintenance: data-
driven decision-
making, human capital
resource, internal
integration and
external integration
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attracted by other organisational characteristics that are non-typical in traditional
maintenancework, such as the use of advanced IT-tools and flexible organisational structures.

At the plant level, the anticipated effects comprise performance variables. The four most
important of these variables are performance in maintenance, manufacturing, environmental
and safety. Briefly, maintenance performance relates to the internal efficiency of the
maintenance function (Bokrantz et al., 2020b; Bengtsson and Salonen, 2016). This includes the
failure behaviour of equipment, reactive and preventative actions and cost-effectiveness and
is typically reflected in indicators such as maintenance cost, time between failures and repair
lead time. Manufacturing performance relates to the external effectiveness of the
maintenance (how maintenance influences the production system’s performance)
(Bokrantz et al., 2020b; Bengtsson and Salonen, 2016). This is typically reflected in
indicators such as manufacturing cost, quality of products and throughput, with the
emphasis on increasing productivity. The two final dimensions of performance at the plant
level, the environmental and safety performance, refer to such things as the service life of the
equipment and avoiding safety hazards (Bokrantz et al., 2020b).

At the firm level, the two most important dimensions are financial performance and
competitive advantage (Bokrantz et al., 2020b). While these two terms are often used
interchangeably, they are distinct. While many firms can be profitable, few can have a
competitive advantage (Ketokivi, 2016). Financial performance is typically reflected in indicators
such as return on assets (ROA) or return on investment (ROI). Competitive advantage, on the
other hand, is seen in superior firms that are capable of, e.g. creating economic value from
inimitable internal resources or productive factors that are in limited supply (Barney, 1991).

Figure 2.
It is anticipated that

smart maintenance will
impact three different

levels: individual, plant
and firm
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2.3 Measuring performance in the manufacturing industry
Sayings like “What gets measured gets done” summarise the importance of measuring
performance (Lynch and Cross, 1991; from Kennerley and Neely, 2003), given that the actions
takenare accordingly supporting the strategies andobjectives of the organisation. Performance
can be explained as an interaction between ability and efforts for improvements (Vroom, 1964;
Porter and Lawler, 1968) (from Parida et al., 2015). Performance measurement is done bymany
industrial companies to support operational processes, by comparing measurements to a
certain target or expectation, and thus learn to do better (Zairi, 1994; Ahmad and Dhafr, 2002;
Rouse and Putterill, 2003). Performance is commonly divided into four dimensions: cost/
productivity, time, flexibility, and quality (De Toni and Tonchia, 2001).

Performance measurement is explained by Neely et al. (1995) as the process to quantify
both the effectiveness and efficiency of actions. Effectiveness and efficiency can be described
as “doing the right thing” and “doing things right,” respectively. For a manufacturing
company and the production system, effectiveness can be described as producing the
intended result – the product, while efficiency relates to producing the product with the least
waste of time and effort, i.e. how well the resources are utilized.

Measuring the performance of a manufacturing company is not done by one individual
performance indicator (PI), but rather a set of PIs. These PIs are not independent, as they are
often interconnected. Awareness of these relationships will make the usage of PIs more
beneficial, as it brings a deeper understanding of the process, making it more likely to make
the right decisions (Rodriguez et al., 2009; Kang et al., 2016). The selection of PIs must consider
the context (i.e. reflect the strategy of the company), be standardized, and the PIs need to be
interpreted as intended to be beneficial (Azapagic and Perdan, 2000; Veleva and Ellenbecker,
2001). Neely et al. (2000) suggest five parts to consider for setting up PIs: (1) the right variables
must be measured, (2) correct calculations of the PIs, (3) it should be possible to compare the
PIs to previous results to facilitate improvement, (4) the PIs should be comparable to
competitors to allow benchmarking, and (5) to have long-term goals to assess the trend
considering these goals. If the vision is deployed through the whole organisation, and PIs
selected accordingly, the PIs will provide feedback to be used as support in any decision. The
relation between the vision and thePIs are described in Figure 3 (inspired byBititci et al., 1997).

Neely and Bourne (2000) state that “the trick is to measure as little as possible, but to ensure
that you are measuring the things that matter”. Even though, the trend in many companies is
an increasing number of PIs, resulting in difficulties in measuring and analysing the data
(Schneiderman, 1999; Tangen, 2005; Salloum, 2013; Parida et al., 2015). This might be
explained by the dynamics in companies and changes in strategies without changing the
performance measurement (Salloum, 2013; Melnyk et al., 2014). Changes in strategies and
operations require further modification of PIs and the performance measurement system, for

Figure 3.
The figure shows the
relation between the
company’s vision and
the performance
indicators to be used in
the organisation
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the system to continue to reflect upon the organisational context and goals. Nevertheless, few
organisations include a systematic process to ensure that the PIs and the performance
measurement system still is valid considering the new strategies (Kennerley andNeely, 2003).
The difficulty is often due to the assessment of relevant PIs, the establishment of targets, data
availability, aswell as involvement of the oneswhowill use those (Braz et al., 2011). In general,
there is little guidance on selecting and implementing measurement of performance
(Digalwar and Sangwan, 2011). Frameworks available are often described very broadly,
leaving it to practitioners in the manufacturing industry to solve the practical challenges
(Tangen, 2004).

Currently, many industrial companies have accelerated their transition towards
digitalisation, which also means changes in strategy. As PIs should follow the vision and
the strategy of the company, a change towards digitalised manufacturing requires a change
of the set of PIs accordingly to monitor and control the performance, as well as the
implementation (Ante et al., 2018).

Another change in the manufacturing industry is the increasing interest in sustainable
manufacturing, and companies are changing their strategy for considering sustainability on
both strategic and operational levels. Naturally, sustainability performance indicators need
to be included in companies’ performance measurement system (Winroth et al., 2016).
However, sustainability is complex (emergent property) withmany interacting factors. While
the single factors can be measured and followed up, the whole concept of sustainability is
argued to be more challenging to be described by PIs (Ehrenfeld, 2009; from Bocken et al.,
2013). In addition, Bocken et al. (2013) report that companies are seldom sure whether
sustainability PIs augment performance improvement.

The challenge of selecting sustainability PIs has been considered in research by the
development of methodologies and guidelines to facilitate the selection. As an example,
Veleva and Ellenbecker (2001) proposed twenty-two PIs related to sustainability, as well as a
detailed guideline of their application. Despite the detailed guidelines, some companies might
still find it challenging to implement and use the PIs. The availability of resources and data
are major barriers, which is essential for being able to use the proposed methodologies.
However, lacking data availability is not unique for sustainability PIs; it is representative of
PI selection and usage in general Braz et al. (2011).

2.4 Maintenance performance indicators
The maintenance performance perspective has long been viewed differently within
organisations: cost, budget performance, and availability from a perspective of economists,
senior management, and the production department, respectively (Pintelon and Van Puyvelde,
1997). However, the traditional view of maintenance organisations and their role is to repair
equipment (Ylip€a€a et al., 2017). This has resulted in a focus on PIs which describe the failure
behaviour of machines (internal efficiency), rather than focusing on the system level (external
efficiency). Maintenance performance includes both internal and external efficiency of the
maintenance function. In spite of this, the majority of indicators used in manufacturing
industry are typically PIs related to the internal efficiency of maintenance (Parida and Kumar,
2006). Examples include equipment,maintenance costs and safety aspects (Muchiri et al., 2011).

Indicators are commonly divided into leading and lagging indicators (Smith, 2004;
Muchiri et al., 2011; Smith and Mobley, 2011; Kumar et al., 2013). Leading indicators are
actions carried out in the maintenance process; examples include preventive maintenance
(PM) tasks conducted in relation to PM tasks planned and the number of inspections. Lagging
indicators, on the other hand, measure the results of those actions, including, for example,
mean time to failure (MTTF), and direct maintenance costs. Both types of indicators are
described as important and useful for controlling actions according to their effects.
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The literature suggests several PIs for following up maintenance actions and measuring
maintenance performance. The authors of these works deal with similar PIs but lack
consensus on how to categorise maintenance PIs and the methodologies to select them
(Kumar et al., 2013). Sim~oes et al. (2011) present a literature review that identifies 345 different
PIs. 37 main PIs were identified, with the requirement that they should occur at least twice in
the reviewed literature. Examples of the main PIs identified are cost, overall equipment
effectiveness (OEE), availability, quality, mean time between failure (MTBF), mean time to
restoration (MTTR), downtime and productivity. Another review of maintenance PIs,
presented by Kumar et al. (2013), categorises PIs into four major categories: (1) financial, (2)
human resources, (3) indicators related to the internal process and (4) technical indicators.
Coetzee (1998) (from Kumar et al., 2013) categorises maintenance PIs into four categories of
efficiency: (1) machinemaintenance, (2) tasks, (3) organisation and (4) profit/cost. On the other
hand, Campbell (1995) (from Kumar et al., 2013) does present three categories of PI: (1)
equipment performance, (2) cost performance and (3) process performance. Parida and
Chattopadhyay (2007) suggest a more extensive structure of categories for maintenance PI
with seven different categories. The PIs are divided into (1) equipment-related indicators, (2)
maintenance task-related indicators, (3) cost-related indicators, (4) impact on customer
satisfaction, (5) learning and growth, (6) health, safety, security and environment (HSSE) and
(7) employee satisfaction. The standard EN 15341 (CEN, 2007) is well-known in the
manufacturing industry and consists of over 70 PIs. These are categorised into technical,
economic and organisational indicators. The overlapping of categories and limited consensus
results in a lack of clarity regarding different types of PI.

Nevertheless, using PIs does not guarantee performance improvement; PIs must be
selected to be aligned with the strategy of the organisation (Sim~oes et al., 2016). For a long
time, there has been a lack of consensus about which methodologies to use for PIs selection
(Kumar et al., 2013). Researchers have, therefore, suggested different approaches for
maintenance PIs selection (see for example: Stefanovic et al., 2017; Fangucci et al., 2017;
Brundage et al., 2018; Wijesinghe and Mallawarachchi, 2019). In spite of this, the most
common approach in practice is to select PIs based on measures already available, which
neglects its relevance (Sim~oes et al., 2016). Evaluate the relevance of each PI and how to use
them is a common challenge in the manufacturing industry. In spite of the importance of
linking company vision and strategic goals to PIs (Bititci et al., 1997), maintenance PIs are
seldom linked to the goals of the whole organisation (Kumar et al., 2013). Muchiri et al. (2011)
argue that interaction between maintenance and the rest of organisation is needed when
selecting and using PIs. A number of authors have proposed more research into practical
implementation and investigations of how PIs are used in the manufacturing industry
(Muchiri et al., 2011; Sim~oes et al., 2011; Kumar et al., 2013).

3. Methodology
This study aimed to analyse 170 maintenance PIs on how they can be used to measure and
follow up on the anticipated effects of SmartMaintenance. It started with a collection of PIs to
use in the analysis, based on selected literature from a literature search. Analyses of the PIs
were done by coding them using intercoder reliability and negotiated agreement (Campbell
et al., 2013). A pre-defined coding scheme was based on the anticipated effects of Smart
Maintenance. The scheme also included a category of “other”, to avoid “force-fitting” and to
allow further clarification. As a final step, the category “other”was analysed further. Figure 4
shows on an overview of the methodology, and the following sections describe it more in
detail.

A literature selection of maintenance PIs and measures was conducted to collect PIs to
analyse. A flowchart of the selection is represented in Figure 5.
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The literature selection started with a literature search in Scopus. Keywords used in
searching for literature were: (maintenance AND performance AND measure OR indicator);
(maintenance AND “key performance indicator”); (literature review AND maintenance AND
performance). The content of the retrieved literature was scanned, and the criteria for
selection included: mention of individual PIs, categories of PIs, or maintenance measurement
system. Review-papers, including individual PIs and/or categories of PIs, were also
considered for selection. In addition, the industrial maintenance standard was selected. The
selected literature is summarized in Table 1.

A gross list of PIs was created based on the selected literature. All individual PIs in the
publications were added to the gross list. When PI categories were presented in the

Figure 4.
The methodology of
this study included
three major steps:

the selection of
maintenance PIs to use
in the study, creation of
coding procedure and

an analysis of the
“other” category

Figure 5.
The flow chart

describes the literature
selection procedure

used to generate a list
of PIs to analyse
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publication, any examples of individual PIs were also added to the list. Duplicates
immediately detected during the gross list creation were not added to the list. The gross list of
PIs comprised 208 PIs. The gross list was then sorted to remove remaining duplicates and
individuals PIs, which did not have a clear definition (for example, quality, which might refer
to the product produced or maintenance task performed). The final list used in the analysis
consisted of 170 PIs.

A clear, structured coding schemewas developed based on the anticipated effects of Smart
Maintenance (Bokrantz et al., 2020b): (1) maintenance performance, (2) manufacturing
performance, (3) safety performance, (4) environmental performance, (5) financial
performance, (6) competitive advantage, (7) job satisfaction and (8) organisational
attractiveness. As the anticipated effects of Smart Maintenance are clearly defined, a ninth
code, (9) other, was added to the coding scheme, to avoid “force-fitting” and allow further
clarity. The coding procedure followed intercoder reliability and negotiated agreement
(Campbell et al., 2013). These methods are suitable and ensure credibility when using a clear
coding scheme coded by two equally knowledgeable researchers. The two researchers coded
all 170 PIs in isolation from each other, using the software NVivo (version 11). When
considering agreement by chance, intercoder reliability was calculated using Krippendorff’s
kappa coefficient (Krippendorff, 2004) (fromCampbell et al., 2013). The first coding resulted in
40 discrepancies, and the kappa coefficient was calculated at 0.68. All discrepancies were
discussed, with the aim of reaching consensus on the rules to be used in the second coding.
The second coding resulted in 10 discrepancies, and the kappa coefficient was calculated at
0.93. This time, the discrepancies were discussed so as to reach a consensus on how they
should be categorised.

Some of the PIs were categorised as “other”, as they did not fit into any of the eight defined
categories of anticipated effects of Smart Maintenance. A further analysis was conducted for
clarification purposes and to investigate what these PIs measure. Firstly, the contingency
model of Smart Maintenance (Bokrantz et al., 2020b) was used to categorise the PIs. An
inductive approach inspired by constant comparison (Glaser and Strauss, 1967) was then
used to create new categories for the remaining PIs. A new category must be defined by at
least two PIs.

4. Results and interpretations
This section presents the results of the study, complemented with the interpretation of the
results. An overview of how the PIs were categorised can be obtained by Figure 6.

The majority, 93 of the PIs, or 54.7%, were categorised as “maintenance performance”.
There were 11 PIs categorised as “manufacturing performance” and 10 as “safety
performance”. This corresponds to 6.5% and 5.9% of all PIs. 2.4%, corresponding to four
PIs, were categorised as “financial performance” and 2.4% as “environmental performance”.
Three PIs, 1.8%, were categorised as “job satisfaction”. None of the PIs were categorised as
“competitive advantage” or “organisational attractiveness”, while 45 PIs, 26.5%, were
categorised as “other”.

Literature (no) Reference Type

Literature 1 Wireman (2005) Book
Literature 2 Muchiri et al (2010) Journal paper
Literature 3 Muchiri et al. (2011) Journal paper
Literature 4 Sim~oes et al. (2011) Journal paper
Literature 5 Parida and Chattopadhyay (2007) Journal paper
Literature 6 CEN (2007) Maintenance standard

Table 1.
Selected literature from
which PIs were
selected to analyse in
this study
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The PIs categorised as “maintenance performance” were characterised by describing the
internal efficiency by failure behaviour/mode and machine repair, as well as maintenance
cost-effectiveness. Examples include:MTBF,MTTR, total downtime, OEE, cost of unplanned
maintenance tasks and maintenance cost per unit. Conversely, PIs like “immediate corrective
man-hours in relation to total maintenance man-hours” and “immediate corrective
maintenance time in relation to total maintenance downtime” reflect the production
situation and can be used in various ways to describe maintenance outcomes. However, PIs
directly related to production system outcomes were categorised as “production
performance”; in other words, the external efficiency of maintenance. Some examples
included: productivity, the number of reworks, rework cost, cycle time and production rate.
Almost asmany PIs were categorised as “safety performance”, focusing on the safety aspects
of maintenance. Examples included: number of accidents, number of incidents, amount of
compensation paid, and number of failures causing personal injury relative to the total
number of failures.

Compared to PIs relating to the cost of carrying out maintenance performance, PIs in the
“financial performance” category are related to “higher level” (plant-level and firm-level)
financial performance. These included “return on fixed assets” (ROFA) and “return on
maintenance investment”. PIs in “financial performance” is affected by factors other than
just maintenance actions, while PIs in “maintenance performance” were strongly linked to
maintenance actions.

Environmental performance includes PIs for environmental impacts, such as “number of
failures causing environmental damage” and “number of failures causing potential
environmental damage”, relative to the total number of failures or time. In considering the
satisfaction of maintenance employees, the following PIs were categorised as job satisfaction:
employee satisfaction, number of employee complaints and employee turnover rate. None of
the PIs were categorised as “organisational attractiveness”, or “competitive advantage”.

Forty-five PIs were categorised as “other”. Some PIs are closer to the maintenance
organisation/function, such as “competence of maintenance personnel” and “number of
internal maintenance personnel in relation to total number of internal employees” but are not
deemed “ (maintenance) performance”. Other PIs do not immediately reflect upon the
maintenance actions. Examples include “employee absentees”, “number of new ideas
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generated” and “number of new customers”. For clarification purposes, the spread in this
category created a need for further analysis.

The analysis of the PIs in “other” started by using the full model of Smart Maintenance.
Some of the PIs were categorised as “complementary investment” and “human capital
resource”. These refer to investment in intangible assets and skill level (the analytical, IT,
social, business, adaptability, and technical skills of the employees). An inductive approach
was used to create categories for the remaining PIs. This resulted in the following categories:
customer satisfaction, HSE and organisational. “Customer satisfaction” refers to the
satisfaction of the organisation’s end customer. “HSSE” includes PIs measuring aggregated
values of health, safety, security and environment. The “organisational” category includes
PIs describing the organisation and the work distribution correlation (number of people and
their cost). Three PIswere uncategorised. Figure 7 gives an overview of the categories and the
distribution of how PIs were categorised.

The majority, 62.2% of the PIs, were categorised as “organisational”. 13.3% were
categorised as “complementary investment” and 8.8% as “customer satisfaction”. HSSE
consists of 6.3% of the PIs and 2.2% were categorised as “human capital resource”. The
“uncategorised” PIs represent 6.3%.

Both “complementary investment” and “human capital resource” relate to intangible
assets. “Competence of maintenance personnel” was coded as “human capital resource”,
while PIs in “complementary investment” are efforts to maintain/increase skill levels, or
capture a lack of skills. Examples include: amount of money spent on training, number of
training programmes conducted and estimated lost time due to lack of knowledge or skills in
relation to total time worked. On the other hand, organisational PIs describe the setup of the
organisation. “Number of internal maintenance personnel in relation to total maintenance
personnel” and “number of maintenance employees in relation to number of supervisors” are
two examples. Also, financial indicators that immediately reflect the setup of the organisation
were included in the “organisational” category. Examples include “total mechanical
contractor cost” in relation to “total maintenance contractor cost and percentage”.

The PIs “number of HSSE complaints” and “HSSE losses”were categorised as “other”, as
“environmental performance” and “safety performance” were two different categories from
which the “HSSE” category was created. Compared to the PIs in “environmental
performance” and “safety performance”, these PIs are aggregated values of several
measures. Other PIs were not strongly linked to the maintenance function but rather, related
to the end customer of the company. Examples of PIs in the category of “customer
satisfaction” are “number of complaints from customers” and “number of new customers”.
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In summary, the categories of the defined effects of Smart Maintenance are presented in
decreasing order: maintenance performance, manufacturing performance, safety performance,
environmental performance, financial performance, job satisfaction, organisational attractiveness
and competitive advantage. The analysis of “other” resulted in five more categories:
organisational, complementary investment, customer satisfaction, HSSE and human capital
resource. In total, 170 PIs were used in the analysis, with 167 PIs categorised into 13 different
categories. Three PIs were uncategorised. Appendix 1 shows how each PI was categorised.

5. Discussion
The purpose of this study is to ensure productive, robust and sustainable production systems
and realise digitalised manufacturing by the implementation of Smart Maintenance. To
invest in and effectively implement SmartMaintenance, industry practitioners need to be able
to measure and follow up the anticipated effects with PIs they actually understand and use.
This paper serves as a guide for industry practitioners in selecting performance indicators
(PIs) to measure and follow up on the anticipated effects of Smart Maintenance to facilitate its
implementation.

Since the expectations of Smart Maintenance are broader than in the traditional view of
maintenance, this study evaluated whether the anticipated effects of Smart Maintenance could
bemeasured and followed up using existingmaintenance PIs. 170 PIs suggested inmaintenance
literature were analysed and categorised. Using a coding procedure based on intercoder
reliability and negotiated agreement (Campbell et al., 2013), 54.7% of the PIs were categorised as
“maintenance performance”, 6.5%were categorised as “manufacturing performance,” and 5.9%
were categorised as “safety performance”. “Environmental performance” and “financial
performance” got 2.4% each and “job satisfaction” 1.8%. None of the PIs were categorised as
“competitive advantage” or “organisational attractiveness”. Meanwhile, 26.5% that could not be
categorised as effects of Smart Maintenance was categorised as “other”.

The 170 maintenance PIs analysed can be used to measure (at least to some extent) the
majority of the anticipated effects of Smart Maintenance. However, there were also some
gaps. No maintenance PIs were categorised as measuring “competitive advantage” or
“organisational attractiveness”. It may not have been intended formaintenance organisations
to measure these effects themselves. Instead, integration between departments is necessary
to successfully select and use relevant PIs, which has been requested inmaintenance research
before (Muchiri et al., 2011). In addition, an investigation of the relationship between the PIs
should be done to use the PIs most beneficial and create more value from the usage
(Rodriguez et al., 2009; Kang et al., 2016).

It is clear from the research that changes in strategy also require a change in the set of used
PIs (see, for example, Braz et al., 2011; Sim~oes et al., 2016). Currently, many manufacturing
companies have accelerated their transition into digitalised manufacturing, meaning that
their set of PIs needs to be changed accordingly. This study shows that new PIs for
maintenance might not necessarily be developed tomeasure and follow up anticipated effects
of Smart Maintenance. However, it is crucial to revise the set of maintenance PIs, and
integrate the use of PIs with other departments (especially production), as well as linking
maintenance PIs to business goals (Neely et al., 2000; Kumar et al., 2013) to successfully
implement Smart Maintenance.

Neely and Bourne (2000) state that “the trick is to measure as little as possible, but to
ensure that you are measuring the things that matter”. The intention of this paper has not
been to evaluate the importance of a specific PI or “how good” it is. However, during the
negotiated agreement (Campbell et al., 2013), it was naturally discussed whether the PI is
useful or not and why it should be measured. This study included 170 PIs related to
maintenance, identified from scientific publications and the industrial standard EN 15341
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(CEN, 2007). The standard consists of over 70 PIs, themajority of them relatively complicated,
with no guidance on why to use them, how to use them, or select among these. With no
guidance on why and how to use them, or select among them, this standard could easily be
misinterpreted and promote the selection of PIs based on convenience or availability. In
contrast, many authors that the number of PIs should be kept to aminimum (see, for example,
Neely and Bourne, 2000; Tangen, 2005; Parida et al., 2015). In this way, there is a clear need for
clarification and guidance for best practice and application of PIs.

In both academia and industry, it is important to differentiate betweenmeans and ends. In
other words, actions, which bring about effects vs the effects themselves. In the literature of
maintenance PIs, this distinction is described in terms of “leading” and “lagging” indicators.
Leading indicators are used for actions carried out and lagging indicators for the effects of
those actions (Kumar et al., 2013). However, in the literature that has been studied and in
industry, all these indicators are somewhat clumsily called “performance indicators”. This
makes differentiating between means and ends problematic. The authors of this paper agree
that both leading and lagging indicators should be measured, so as to control actions
according to their effects (Kumar et al., 2013). However, it is important to differentiate between
what is done to impact performance (means) and the performance itself (ends).

The above lack of clarity was also reflected in the coding procedure. The coding procedure
was based on intercoder reliability and negotiated agreement (Campbell et al., 2013), with the
first coding resulting in 40 discrepancies. These discrepancies were caused by the
researchers’ differing views of performance (their limited reflection on means vs ends).
Negotiated agreement produced a consensus that performance is an effect of actions, a clear
differentiation between means and ends. This meant there were fewer discrepancies in the
second coding. The kappa coefficient for intercoder reliability was calculated as 0.93,
reaching 93% intercoder reliability, strengthening the credibility of the coding results.

With the conceptualisation of Smart Maintenance as a basis, the PIs were divided into
eight well-defined categories of anticipated effects of Smart Maintenance. However, 26.5% of
the PIs could not be categorised under these effects and so were categorised as “other”. For
clarifying this, more categories were created based on the contingency model of Smart
Maintenance (Bokrantz et al., 2020b). For PIs which did not fit into the contingency model, an
inductive approach was used, inspired by constant comparison (Glaser and Strauss, 1967).
This resulted in five more categories, making a total of 13 PI categories. This gave a more
detailed overview of what the PIs actually measured compared to previous literature, which
would commonly divide PIs into three or four categories (Kumar et al., 2013).

Three PIs did not fit into any of the categories from the Smart Maintenance model.
Furthermore, it was not possible to create new categories using constant comparison (Glaser
and Strauss, 1967), as a new category must be defined by at least two PIs. To avoid “force-
fitting”, these three PIs, therefore remained uncategorised.

To sum up, the main focus of this study has been to support industry practitioners
(especially decision-makers) to select PIs for measuring and follow up on the effects of Smart
Maintenance. The majority of anticipated effects of Smart Maintenance can be measured by
the 170 maintenance PIs analysed. However, PIs must be selected according to the vision and
goal of the organisation for achieving performance improvement (Bititci et al., 1997; Neely
et al., 2000; Digalwar and Sangwan, 2011). Further, the industrial practices of selection and
use of PIs do need investigation (Tangen, 2004; Digalwar and Sangwan, 2011; Kumar et al.,
2013). Compared to the traditional view of maintenance function (repairing equipment),
SmartMaintenance is expected to lead to a broader spectrum of effects, and change the role of
the maintenance function in the corporate strategy. The strategy should be reflected in PIs,
meaning that changes in strategies and operations require a change of PIs (Braz et al., 2011;
Sim~oes et al., 2016). In contrast, many industry practitioners select and use PIs based on the
availability of measurements instead of its relevance (Sim~oes et al., 2016). For a
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manufacturing company implementing SmartMaintenance, there is a strong need of revising
the set of PIs, as well as integrate the use of PIs with the rest of the organisation.

Neely et al. (2000) present five elements to consider when selecting PIs. Methodologies for
selecting PIs for sustainable manufacturing have been developed (e.g. Veleva and
Ellenbecker, 2001) but not yet for maintenance in digitalised manufacturing. Nevertheless,
even if methodologies exist, practical challenges in selecting and change PIs remain (Braz
et al., 2011). To understand the practical challenges and the needs in using PIs, the authors
propose empirical research into the selection of PIs in digitalised manufacturing, including
integrated use of PIs between departments. The authors also suggest research to evaluate
how well each PI measure each effect, to successfully follow up and target the anticipated
effects of Smart Maintenance.

6. Conclusions
The manufacturing industry is undergoing a digital transition, and many manufacturing
companies worldwide are currently updating their maintenance strategies in line with Smart
Maintenance. With the purpose of ensuring productive, robust and sustainable production
systems through the implementation of Smart Maintenance, this study has analysed and
categorised 170 maintenance PIs to support the selection of PIs targeting the anticipated
effects of Smart Maintenance.

The categorisation of the PIs was based on intercoder reliability and negotiated
agreement. The results show that the majority of the maintenance PIs measure the internal
maintenance performance. However, there are PIs available, capable of measuring the
majority of anticipated effects of Smart Maintenance. That said, due to the future extended
view of maintenance, some gaps were identified. For example, there are no existing PIs
targeting “organisational attractiveness” or “competitive advantage”, which are important
for the future role of maintenance. Ultimately, it is not necessary to develop a completely new
set of maintenance PIs to follow up on the effects of Smart Maintenance. It is more important
to integrate the usage of PIs internally across the whole organisation instead of focus on
developing new PIs for “competitive advantage” and “organisational attractiveness”.
Furthermore, this study produced 13 categories of maintenance PIs, providing clarity and
enabling effective implementation. These categories were: (1) maintenance performance, (2)
manufacturing performance, (3) safety performance, (4) environmental performance, (5)
financial performance, (6) competitive advantage, (7) job satisfaction, (8) organisational
attractiveness, (9) organisational, (10) complementary investment, (11) customer satisfaction,
(12) HSSE and (13) human capital resource.

Clarity and the ability to differentiate between means and ends are key factors in
designing an effective PI-based measurement system for Smart Maintenance, as well as align
the PIs with the vision and goals of the company. This paper serves as a guide for industry
practitioners to select relevant PIs for each of the anticipated effects of Smart Maintenance.
Such a measurement system will facilitate the implementation of Smart Maintenance and
thus help manufacturing companies realise digitalised manufacturing with productive,
robust and sustainable production systems.
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Appendix 1

PI Category

Amount of money spent on training Complementary
investment

Estimated lost time due to lack of knowledge or skills/total time worked Complementary
investment

Maintenance rework due to lack of knowledge or skills/total maintenance work Complementary
investment

Number of training programs conducted Complementary
investment

Skill improvement training Complementary
investment

Total training dollars/total plant payroll Complementary
investment

Customer satisfaction Customer satisfaction
Number of new customers Customer satisfaction
Number of quality complaints from customer Customer satisfaction
Percentage of customer retained Customer satisfaction
Number of failures due to maintenance creating environmental damage/calendar
time

Environmental
performance

Annual volume of wastes or harmful effects related to maintenance /calendar time Environmental
performance

Number of failures causing damage to the environment/total number of failures Environmental
performance

Number of failures causing potential damage to the environment/total number
of failures

Environmental
performance

Return on maintenance investment Financial performance
ROMI (return on marketing investment) Financial performance
RONA, return on net assets Financial performance
ROFA, return on fixed assets Financial performance
Employee absentees HSSE
HSSE losses HSSE
Number of HSSE complaints HSSE
Competence maintenance personnel Human capital resource
Number of employee complaints Job satisfaction
Employee turn-over-rate Job satisfaction
Employee satisfaction Job satisfaction
OEE Maintenance

performance
Availability Maintenance

performance
Downtime Maintenance

performance
Failure rate Maintenance

performance
Reliability Maintenance

performance
Downtime cost Maintenance

performance
Equipment losses Maintenance

performance
Service level Maintenance

performance

(continued )
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PI Category

Inventory cost Maintenance
performance

MTTF Maintenance
performance

Number of small stoppages Maintenance
performance

Number of big stoppages Maintenance
performance

Downtime for small stoppages Maintenance
performance

Downtime for big stoppages Maintenance
performance

Change over time (from stop to running condition) Maintenance
performance

Number of planned maintenance tasks Maintenance
performance

Time for planned maintenance tasks Maintenance
performance

Cost of planned maintenance tasks Maintenance
performance

Number of unplanned maintenance tasks Maintenance
performance

Time for unplanned maintenance tasks Maintenance
performance

Cost of unplanned maintenance tasks Maintenance
performance

Response time for maintenance Maintenance
performance

Maintenance cost/unit Maintenance
performance

Number of stops Maintenance
performance

Number of shutdowns Maintenance
performance

Maintenance cost per estimated replacement value or the plant Maintenance
performance

Maintenance cost as a percentage of sales Maintenance
performance

Maintenancework order on hold awaiting parts/total number ofmaintenancework
orders

Maintenance
performance

Total downtime attributed to maintenance errors/total downtime Maintenance
performance

Breakdowns caused by items that should have been inspected, serviced or a part of
the PM program/total number of breakdowns

Maintenance
performance

Number of repetitive equipment failures/total number of equipment failures Maintenance
performance

Estimated PM task cost/actual PM task cost Maintenance
performance

Total number of work order generated from PM inspections/ total number of work
order

Maintenance
performance

Inactive stock line items/total stock line items Maintenance
performance

Maintenance labour cost on work orders/total maintenance labour costs Maintenance
performance

(continued )
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PI Category

Maintenance labour costs planned/total maintenance labour costs Maintenance
performance

Maintenance material costs planned/total maintenance materials costs Maintenance
performance

Total maintenance cost/assets replacement value Maintenance
performance

Total maintenance cost/added value plus external costs for maintenance Maintenance
performance

Total maintenance cost/production transformation cost Maintenance
performance

(Total maintenance cost þ unavailability costs related to maintenance)/quantity
of output

Maintenance
performance

Availability related to maintenance/total maintenance cost Maintenance
performance

Average inventory value of maintenance materials/asset replacement value Maintenance
performance

Total cost of maintenance materials/total maintenance cost Maintenance
performance

Total cost of maintenance materials/average inventory value of maintenance
materials

Maintenance
performance

Total maintenance cost/total energy used Maintenance
performance

Corrective maintenance cost/total maintenance cost Maintenance
performance

Preventive maintenance cost/total maintenance cost Maintenance
performance

Condition-based maintenance cost/total maintenance cost Maintenance
performance

Predetermined maintenance cost/total maintenance cost Maintenance
performance

Improvement maintenance cost/total maintenance cost Maintenance
performance

Maintenance shutdown cost/total maintenance cost Maintenance
performance

Total operating time/(total operating time þ downtime due to maintenance) Maintenance
performance

Achieved up time during required time/required time Maintenance
performance

Total operating time/(total operating time þ downtime related to failures) Maintenance
performance

Total operating time/( total operating time þ downtime related to planned and
scheduled maintenance)

Maintenance
performance

Preventivemaintenance causing downtime/total downtime related to maintenance Maintenance
performance

Predetermined maintenance causing downtime/total downtime related to
maintenance

Maintenance
performance

Condition-based maintenance time causing downtime/total downtime related to
maintenance

Maintenance
performance

Total operating time/number of maintenance work-orders causing downtime Maintenance
performance

Total operating time/number of maintenance work-orders Maintenance
performance

(continued )
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PI Category

Total operating time/number of failures (MTBF) Maintenance
performance

Planned and scheduled maintenance time causing production downtime/planned
and scheduled total maintenance time requiring downtime

Maintenance
performance

Total time to restoration/number of failures (MTTR) Maintenance
performance

Production operator maintenance man-hours/total maintenance man-hours
available

Maintenance
performance

Planned and scheduled maintenance man-hours/total maintenance man-hours
available

Maintenance
performance

Production operator maintenance man-hours/total production operators
man-hours

Maintenance
performance

Direct maintenance personnel on shift/total downtime related to maintenance Maintenance
performance

Immediate corrective maintenance time/total downtime related to maintenance Maintenance
performance

Corrective maintenance man-hours/total maintenance man-hours Maintenance
performance

Immediate corrective maintenance man-hours/total maintenance man-hours Maintenance
performance

Preventive maintenance man-hours/total maintenance man-hours Maintenance
performance

Condition cased maintenance man-hours/total maintenance man-hours Maintenance
performance

Predetermined maintenance man-hours/total maintenance man-hours Maintenance
performance

Overtime internal maintenance man-hours/total internal maintenance man-hours Maintenance
performance

Number of work order performed as scheduled/total number of scheduled
work orders

Maintenance
performance

Total man-hours spend by direct personnel on planned and scheduled activities/
total man-hours planned and scheduled to direct personnel

Maintenance
performance

Number of spare parts supplied by the warehouse as requested/total number
of spare parts required by maintenance

Maintenance
performance

Work requests remaining in request status for <5 days/total work requests Maintenance
performance

Planned work/total work done Maintenance
performance

Percentage of work orders requiring rework due to planning/ all word orders Maintenance
performance

Percentage of work orders with delayed execution due to material or manpower Maintenance
performance

Work orders with scheduled date earlier or equal to latest finish date/all work
orders

Maintenance
performance

Manpower utilisation (total hours spent on tasks/available hours) Maintenance
performance

Manpower efficiency (time allocated to tasks/time spent on tasks) Maintenance
performance

Work order turnover (number of completed tasks/number of received tasks) Maintenance
performance

(continued )
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PI Category

Backlog (number of overdue tasks/number of received tasks) Maintenance
performance

Percentage of maintenance work requiring rework Maintenance
performance

Number of failures Maintenance
performance

Direct maintenance cost Maintenance
performance

Breakdown severity (breakdown cost/direct maintenance cost) Maintenance
performance

Maintenance cost of components over manufacturing cost Maintenance
performance

Maintenance stock turnover Maintenance
performance

Productivity Manufacturing
performance

Cycle time Manufacturing
performance

Performance rate (speed of production) Manufacturing
performance

Nonconforming items Manufacturing
performance

Number of return goods Manufacturing
performance

Number of rework Manufacturing
performance

Cost of rework Manufacturing
performance

Production cost/unit Manufacturing
performance

Production rate Manufacturing
performance

Actual operation time/required operation time Manufacturing
performance

Total downtime attributed to operational/total downtime Manufacturing
performance

Cost of indirect maintenance personnel/total maintenance cost Organisational
Cost of suppliers/total maintenance cost Organisational
Cost of training for maintenance/number of maintenance personnel Organisational
Internal electrical man-hours/total internal direct maintenance personnel
man-hours

Organisational

Internal instrumentation man-hours/total internal direct maintenance personnel
man-hours

Organisational

Internal mechanical man-hours/total internal direct maintenance personnel
man-hours

Organisational

Maintenance budget Organisational
Man-hours envisaged for proactive work/total-man hours available Organisational
Man-hours used for continuous improvement/total maintenance personnel
man-hours

Organisational

Man-hours used for improvement and modification/total man-hours available Organisational

(continued )
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PI Category

Man-hours used for planning in a systematic maintenance planning process/total
internal maintenance personnel man-hours

Organisational

Number of indirect maintenance personnel/number of direct maintenance
personnel

Organisational

Number of indirect maintenance personnel/number of internal maintenance
personnel

Organisational

Number of internal direct maintenance people using software /number of internal
direct maintenance personnel

Organisational

Number of internal maintenance personnel/total internal employees Organisational
Number of internal multi-skilled maintenance personnel/number of internal
maintenance personnel

Organisational

Number of maintenance employees/number of planners Organisational
Number of maintenance employees/number of supervisors Organisational
Number of maintenance internal personnel man-hours of training/total internal
maintenance man-hours

Organisational

Percentage cost of personnel (staff cost/total maintenance cost) Organisational
Percentage cost of subcontractors (expenditure of subcontracting/total
maintenance cost)

Organisational

Total contractor cost/total maintenance cost Organisational
Total electrical maintenance contractor costs/total maintenance contractor costs Organisational
Total external personnel cost spent on maintenance/total maintenance cost Organisational
Total instrumentation maintenance contractor costs/total maintenance contractor
costs

Organisational

Total internal personnel cost spent on maintenance/total maintenance cost Organisational
Total mechanical maintenance contractor costs/total maintenance contractor costs Organisational
Value of asset maintained per maintenance employee Organisational
Number of accidents Safety performance
Number of incidents Safety performance
Number of legal cases Safety performance
Number of compensation cases Safety performance
Amount of compensation paid Safety performance
Number of injuries for people due to maintenance/working time Safety performance
Number of failures causing injury to people/total number of failures Safety performance
Number of failures causing potential injury to people/total number of failures Safety performance
Number of injuries to maintenance personnel/total maintenance personnel Safety performance
Man-hours lost due to injuries for maintenance personnel/ total man-hours worked
by maintenance personnel

Safety performance

Number of new ideas generated Uncategorised
Number of systems covered by a critical analysis/total number of systems Uncategorised
Total number of equipment items in the CMMS/EAM system/ total number of
equipment items in the plant

Uncategorised

Performance
indicators for

Smart
Maintenance

1315

mailto:camilla.lundgren@chalmers.se


Anders Skoogh is Professor of Production Maintenance at Industrial and Materials Science,
Chalmers University of Technology. He is a research group leader for Production Service and
Maintenance Systems. Anders is also the director of Chalmers’ master’s program in Production
Engineering and board member of the think-tank Sustainability Circle. Before starting his research
career, he accumulated industrial experience from being a logistics developer at Volvo Cars.

For instructions on how to order reprints of this article, please visit our website:
www.emeraldgrouppublishing.com/licensing/reprints.htm
Or contact us for further details: permissions@emeraldinsight.com

IJPPM
70,6

1316


	Performance indicators for measuring the effects of Smart Maintenance
	Introduction
	Theory
	Digitalised manufacturing
	Smart Maintenance
	The underlying dimensions
	Contextual factors
	Anticipated effects of Smart Maintenance

	Measuring performance in the manufacturing industry
	Maintenance performance indicators

	Methodology
	Results and interpretations
	Discussion
	Conclusions
	References


