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Abstract

The increased digitalization of work results in practices that are increasingly networked and
knowledge-based. As such, we need to continuously inquire how digital technology leads
to changes in work and not be content knowing that it leads to change. This paper
contributes to advancing such knowledge through an analysis of digitalized condition-
based maintenance of machinery in a Swedish iron ore mine. Drawing on the distinction
between digital representation and digital meditation figurations of human and material
agency, we analyze how the distributed network of workers used a diverse portfolio of
digital technologies to make complex knowledge-based decisions on when and how to
maintain the mining machinery. We combine these empirical insights with extant literature
to advance a new theoretical perspective on how key characteristics of digital technologies

are implicated in networked, knowledge-based work practices.
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Introduction

he role of technology in the changing nature of work
T has been on the agenda for IS scholars for decades,

examining issues of work content, coordination, con-
trol, organization, competencies and skills (Kling, 1996;
Shaiken, 1986; Zuboff, 1988). However, work content,
processes and organizing are now different from what they
were in the 1960s and 1970s when computerization took off
(Barley and Kunda, 2001; Forman et al., 2014). As modern
organizations digitalize work, people increasingly access and
share information and work remotely with others mediated
by technology. Work is also moving out from the office into a
multiplicity of new locations (Felstead and Jewson, 2000;
Felstead et al., 2005). As the nature of work continues to
change, we need to understand digitalization based upon
contemporary practices and not on ideas developed in a
different era with collocated, locally controlled manufactur-
ing (Forman et al., 2014). Against this backdrop, it becomes

important to study the sociotechnical configurations that
make up today’s emerging work practices. Yet, our under-
standing of how key digital technology characteristics are
implicated in shaping today’s work practices is limited.

To afford such theorizing, we rely on an iron and ore mining
company as an interesting context of digital technology usage
(Bamberger, 2008; Johns, 2006). As the mining company
implemented condition-based maintenance of its machinery, it
captured machine vibrations digitally and engaged a remote
diagnostics service provider to help monitor its machines and
alert the mine to imminent failures. This networked configura-
tion of maintenance work allowed remote analysts and onsite
workers to jointly make preventive maintenance decisions based
on sensory data and information about the mining machinery’s
physical condition, such as their temperature and vibrations. The
complexity of digitalized work in this particular context is
illustrative of important gaps in our understanding of how digital
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technologies are implicated in contemporary work practices
(Leonardi, 2010; Mutch, 2013). To reveal new insights, we rely on
the notion of figurations to conceptualize how the mine used a
portfolio of digital technologies to create a work space and a
distributed work arrangement for maintenance of its machinery.
Figurations are observable traces of how human and material
agency, as common building blocks, come together in the
constitution of a work practice (Latour, 2005). As such, they
allowed us to build on the foundational entanglement of material
and human agency to conceptualize how key digital technology
characteristics materialized in the mining context. Hence, rather
than seeing the social and material as inherently inseparable
(Cecez-Kecmanovic et al., 2014; Orlikowski and Scott, 2008), we
develop the notions of digital representation and digital medi-
ation figurations to investigate: How can we empirically and
theoretically account for digital technologies in the constitution of
condition-based maintenance of mining machinery? As a result, we
reveal how digital representation and mediation figurations
entangle to produce a networked, knowledge-based work
practice, with the former designating use of IT to monitor and
produce a work space, and the latter designating use of IT to share
and enact a distributed work arrangement.

Our argument proceeds as follows. We begin with a
discussion of the context under study. Next, we draw on
extant research on digitalized work to develop the distinction
between digital representation and digital mediation figura-
tions. After presentation of our research method, we then
offer a detailed account of how condition-based maintenance
of machinery constituted in the iron ore mine through
entanglement of representation and mediation figurations.
As a final step, we draw on insights from the field study and
extant literature to advance new theoretical perspectives on
digitalized work that gives particular attention to the
characteristics of digital technologies.

Condition-based maintenance of mining machinery
Organization researchers have increasingly focused on specific
contexts to drive theory development (Bamberger, 2008).
Contexts illuminate those “situational opportunities and
constraints that affect the occurrence and meaning of organi-
zational behavior as well as functional relationships between
variables” (Johns, 2006, p. 386). As such, they are critical
drivers of cognition, attitudes and behaviors and researchers
can use them as sensitizing devices to gain insights into how
particular opportunities and constraints govern and shape
observed phenomena (Cappelli and Sherer, 1991).
Maintenance of mining machinery offers an interesting
context for understanding how the particular characteristics
of digital technologies are implicated in shaping contempo-
rary work practices. In these contexts, each individual
machine is very expensive and unplanned breakdowns can
lead to loss of valuable production time. Accordingly, mining
companies are seeking to improve the machinery uptime
through efficient maintenance planning. Condition-based
maintenance is one type of preventive maintenance where the
equipment’s condition is monitored (Tsang, 2002). The aim
of monitoring the equipment is to minimize the total cost of
maintenance by collecting and interpreting continuous data
of the operating condition for critical components (Knapp
and Wang, 1992). Performance-parameter analysis, vibration
monitoring, thermography, oil analysis are some condition-

monitoring techniques that enable preventive maintenance.
With these technologies, the condition of the equipment can
be monitored while it is in operation and decisions about
when to repair can be based upon knowledge of the
components condition (Yam et al., 2001). Mining companies
have therefore strong incentives to invest in digital technolo-
gies to detect signals of breakdowns based on detailed
condition data about each machine and its performance,
including its configuration of components, its performance
history and current operation. Moreover, maintenance
technicians, planners and managers operate in a highly
distributed setting, with individual machines distributed
underground with difficult and time-consuming accessibility,
and with mines and plants distributed over considerable
geographical areas. For these reasons, there are also strong
incentives to invest in digital technologies to connect
maintenance technicians, planners and managers, so they
can easily communicate, share information and jointly make
decisions without necessarily being present at the same
location at the same time. Finally, there is a long history of
digital technologies use in this context. During the 1970s and
1980s, digitalization took off as work began to be automated.
Early sociotechnical studies focused on the consequential
changes in the steel, coal and dock industries (Mumford and
Banks, 1967; Scott et al., 1963), and these changes raised
interest from IS researchers to study related labor and
workplace democracy issues (Nygaard and Bergo, 1975).
This paper focuses on a mining company that invested in
sensor technology to monitor its machinery including trans-
portation belts, gearboxes, mills, elevators and shaking
tables based on data about vibrations, temperature, pressure,
speed and more of relevant components (Jardine et al., 2006).
Monitoring and analyzing such data afforded assessment of a
machine’s condition to anticipate breakdowns. At the same
time, this condition-based approach enabled a new mainte-
nance organization where a remote center with specialized
analytic capability monitored and diagnosed machinery from
across multiple organizations. This new, distributed organiza-
tion integrated onsite and remote work and applied diagnostic
software to continuously produce a digital version of each
machine based on sensor data. In this arrangement, remotely
located analysts with skills in interpreting sensor data analyzed
and compared information about machines operating in
different organizations and industries and they utilized medi-
ating technologies to collaborate closely with onsite workers.

Representation and mediation in digitalized work

The move from the industrial to the postindustrial society
has been enabled by various technologies (Bell, 1973;
Beninger, 1986; Yates, 1989) in which new forms of IT
continue to play particularly important roles in automating
and informating (Zuboff, 1988) as well as complementing
work (Brynjolfsson and McAfee, 2014; Nicolini, 2007). In this
process, organizations must embrace the changing nature of
digitalization (Stieglitz and Brockmann, 2012) and negotiate
both positive and negative effects, such as creativity and
innovation (Vlaar et al., 2008), high levels of stress (Ayyagari
et al., 2011; Barley et al., 2011) and simultaneously increased
and decreased sense of autonomy (Mazmanian et al., 2013).
To understand these complex issues, the IS discipline has
adopted different theoretical perspectives.
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Early authors focused on how the physical structure and
operation of a digital technology constrain or enable
practices, beliefs or social configurations (Mumford, 1964;
Winner, 1980). Markus and Robey (1988) explained how IT
usage can enrich and routinize jobs, centralize and decen-
tralize authority, and often produce unexpected outcomes
(Boudreau and Robey, 2005). To further advance our
understanding of digitalized work, recent research has found
conceptual inspiration in social construction of technology
(Bijker, 1995), social shaping of technology (Williams and
Edge, 1996) and actor-network theory (Latour, 1987). A
more recent stream of IS research has focused specifically on
the distinct characteristics of digital technology (Kallinikos
et al., 2013) and the implications of digital technology in
work practices (Yoo, 2013). This stream of research has
shown how the layered modular architecture of digital
artifacts enables any content to be encoded into a digital form
and consumed via a wide array of services, distributed to
numerous devices through diverse networks (Yoo, 2010). The
loose coupling of these layers fosters distribution of the locus
of control of digital artifacts, introducing high levels of
complexity in digital innovation processes (Svahn et al.,
2017). Since digital artifacts are programmable and
editable to a much larger degree than analog artifacts, they
are highly malleable (Kallinikos et al,, 2013; Yoo, 2010)
making digital innovation processes evolve in unbounded
ways (Nylén et al., 2014; Yoo, 2012).

Despite these efforts, IS researchers have recognized that
the role of the IT artifact is undertheorized (Leonardi and
Barley, 2008; Orlikowski and Iacono, 2001; Zammuto et al.,
2007) and have called for more sophisticated conceptualiza-
tions that focus explicitly on how digital technologies are
implicated in shaping contemporary work practices (Leo-
nardi, 2010; Leonardi and Barley, 2008; Volkoff et al., 2007).
In response, we propose to distinguish between digital
representation and digital mediation figurations as two
complementary ways in which digital technologies are
implicated in work practices. Digital representation focuses
on the content, i.e., how IT is used to monitor and produce
digital content, whereas digital mediation focuses on the
medium, ie., how IT can be used for digitally mediated
cooperative work. In the same way as Zuboff (1988) focused
on automate and informate as fundamental characteristics of
information systems to understand key features of work
organization such as power (Burton-Jones, 2014), we zoom
in on digital representation and mediation as key character-
istics of information systems that shape contemporary work
arrangements.

Although digital representation and digital mediation
figurations may exist independently of each other, many
contemporary work practices are produced through their
coexistence, as illustrated well within healthcare. Robotic
surgery is an example of a purely digital representation
figuration that can improve precision and reduce errors if
applied appropriately. The robot becomes an instrument that
allows the doctor to use a knife (or other instruments) based
on digital imaging of the physical target of surgery. The
doctor can manipulate the knife, see how it applies to the
patient’s body, and zoom in and out as needed, while
simultaneously receiving useful information about progress
of the surgery. The digital representation (the doctor’s work

space) is thus co-created through the features of the
technology and the manipulations and knowledge of the
doctor.

Similarly, tele-based psychiatry is an example of a purely
digitally mediated figuration. With the doctor and patient
located in separate locations, a videoconference system
affords verbal and visual connectivity that enables diagnosis
and therapy over distance. Such a work arrangement is also
co-created by the features of the technology (coding sounds
and pictures into bits, transfer, and decoding into sounds and
pictures), possible support staff (connecting sites, steering
cameras, adjusting microphones, and possibly recording and
storing sessions) and, not least, the experience and knowledge
of the patient and psychiatrist.

Tele-based surgery is then an example of how digital
representation and digital mediation figurations may entan-
gle to produce a work practice. In this case, the doctor and
the patient are located separately as surgical practices
constitute through robotic surgery as well as tele-medicine.
There is typically IT usage specific to robotic arrangements
(movement of the instrument), tele-medicine arrangements
(mediated communication between local and remote staff),
and both (ongoing production of surgical images). As
illustrated by these examples, digital representation and
digital mediation figurations are both produced through
human agencies (such as skills, power, norms, resistance and
routines) and material agencies (such as sensors, codes,
algorithms, passwords, inscriptions, and workspaces). Nev-
ertheless, they draw on specific characteristics of digital
technologies and represent two quite different forms of
digitalized work.

Digital representation focuses on the use of IT to monitor
and produce a work space. Digital representation draws
attention to how human and material agency afford oppor-
tunities to leverage representations of real-world phenomena
(e.g., a patient or a machine) in particular tasks (e.g.,
medicine or maintenance) (Mingers and Willcocks, 2004).
According to Zuboff (1988), the representational capacity is
one of the fundamental characteristic of information systems
in which “activities, events and objects are translated into and
made visible by information” (pp. 10-11). In their work on
affordances and the changing fabric of organization, Zam-
muto et al. (2007) identify three affordances related to digital
representation: visualizing entire work processes, real-time
flexible product and service creation and simulation-syn-
thetic representation. Through digital representation activi-
ties, people can access and make sense of requisite
information (Zammuto et al, 2007). Simulation work
(Leonardi, 2012) is an example of a work practice where
the digital represents a physical object or process as closely as
possible to its physical form and enables its manipulation in
digital format (Bailey et al., 2012). Most contemporary work
practices are constituted through digital representations in
which various types of text, image and sound are made
available and processed in digital form. The digital repre-
sentation perspective deals with the ways in which represen-
tations are created and interpreted to arrive at perceived
meanings (Ramaprasad and Rai, 1996). Studies show that
representations can help people communicate to achieve
shared understandings (Bechky, 2003b; Carlile, 2002) and
enlist support (Bechky, 2003a).
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Digital mediation refers to the use of IT to share and enact
a work arrangement (Andersen, 1990; Persson et al., 2009),
rooted in the CSCW perspective on IT (Schmidt and Simone,
1996) as well as the semiotic perspective on IT (Mingers and
Willcocks, 2004). Different forms of IT have enabled
collaboration in distributed teams that span time and space
boundaries. Contemporary organizations interact with the
environment, increasingly mediated by digital technology
(Kallinikos, 2009) and bringing changes to the geographic
distribution of work (Hinds and Kiesler, 2002) as new forms
of digital mediation emerge (Aguinis and Lawal, 2013), such
as globally outsourced work (Levina and Vaast, 2008) and
virtual teams (Chudoba et al., 2005). Enabled by various
forms of communication and collaboration technologies,
these digital mediations constitute through the entanglement
of work performed in remote and onsite settings. As such,
these arrangements are often associated with discontinuities
that threaten the cohesion of work (Chudoba et al., 2005),
including physical location, time zones, national or profes-
sional culture, and organizational affiliation. Researchers
have investigated Procter & Gamble’s use of IT to collaborate
with distributed actors in scientific networks in order to
develop new products (Huston and Sakkab, 2006), challenges
to building trust that are not present among co-located teams
(Newell and Donald, 2007), virtually collocated teams from
the perspectives of identity formation (Wiesenfeld et al.,
1999) and effects of cultural diversity (DeSanctis and Poole,
1997) and trust (Jarvenpaa et al., 1998). The digital
mediation perspective thus focuses on use of IT to share
and enact a work arrangement.

As summarized in Table 1, we adopt specific theoretical
concepts to analyze condition-based maintenance of machin-
ery in the mining industry and to advance new theory that
emphasizes how digital technology characteristics are impli-
cated in shaping contemporary work practices. We consider
practices as locally defined and emergent ways of doing work
that are produced through entanglement of specific figura-
tions of human and material agency. Moreover, we draw on
the broader literature on digitalized work to zoom in on
representations and mediations as two types of digital
figurations with particular relevance for understanding how
digital technologies are implicated in shaping networked,
knowledge-based practices such as condition-based mainte-
nance of mining machinery.

Table 1 Theoretical concepts

Research methodology
Our theorizing is grounded in a qualitative field study of
condition-based maintenance at Luossavaara-Kiirunavaara
AB (LKAB) and the remote diagnostics company Monitoring
Control Center (MCC). We chose LKAB and MCC because
condition-based maintenance is exemplary of how IT and
work are fused in intrinsic ways as people make use of IT to
monitor and produce a work space and to establish a
medium for sharing and enacting a distributed work
arrangement. We followed the basic principle of case studies
to get an in-depth understanding of the phenomenon
(Cavaye, 1996; Yin, 2003), which in our case meant
investigating the daily work in condition-based maintenance
and the effects and implications it had for the involved
people and organizations. In our research, we observed
strong evidence of two strands of IS research related to digital
representation and mediation and we came to understand
that they manifested as entangled figurations in the observed
condition-based maintenance between LKAB and MCC.
We conducted a total of 33 interviews with key stakehold-
ers (10 from MCC and 23 from LKAB), see Table 2. Figure 1
presents the time line of the development of condition-based
maintenance in the case and our related data collection. We
collected data at different occasions with access to different
respondents that could help us develop our understanding of
condition-based maintenance. This recurring data collection
gave us detailed insights into the observed work practice
from different perspectives. In addition to the interviews, we
collected publications from LKAB and MCC. The sampling
of interviews was purposeful (Strauss and Corbin, 1990)
focusing on LKAB employees in top and middle manage-
ment, group managers, maintenance planners and techni-
cians with important relations to condition-based
maintenance. At MCC, we talked to all categories of involved
employees including management, technical developer and
analysts. The interviews were semi-structured and open-
ended to reveal the everyday work practice and the respon-
dent’s use of different technologies at work. Each interview
lasted between 1 and 2 h, and all interviews, except three,
were conducted face-to-face at the respondents’ workplace,
which provided us with contextual understanding and
insights into the work processes within each company.
Although key informants helped us identify relevant inter-
viewees, participation in the research was strictly voluntary.

Concept Definition

Sources

Work practice

A work practice is a locally defined and emergent way of

Leonardi (2011, 2013)

doing work that is produced through entanglement of

specific figurations

Latour (2005) and Leonardi (2011, 2013)

Zuboff (1988), Ramaprasad and Rai (1996),
Carlile (2002) and Mingers and Willcocks
(2004)

Andersen (1990), Chudoba et al. (2005),

Figuration A figuration is an empirically observable trace of how
human and material agency, as common building blocks,
come together in the constitution of a work practice

Digital A digital representation is a figuration in which IT is used to

representation ~ monitor and produce a particular work space

Digital A digital mediation is a figuration in which IT is used to

mediation share and enact a particular work arrangement

Levina and Vaast (2008) and Persson et al.
(2009)
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Table 2 Interviews

McCC Date LKAB Date
Business consultant 2003-11-19 Technician 2003-10-09
Manager 2004-04-27 Production manager 2003-10-10
Manager 2006-01-31 Maintenance technician A 2003-10-10
Team leader 2006-01-31 Maintenance technician B 2003-10-10
Technician A 2006-01-31 Maintenance technology manager 2004-04-28
Technician B 2006-02-01 Maintenance team manager A & B 2004-04-27
Technician C 2006-02-01 Production manager 2006-01-31
Developer 2006-02-01 Maintenance team managers B-] 2006-03-21
Technician C 2010-08-23 Maintenance team manager K-N 2006-03-22
Team leader 2010-08-25 Maintenance team manager A 2006-04-28
Maintenance team manager A 2006-04-28

Total of 10 MCC interviews

Total of 23 LKAB interviews

The first author conducted the interviews together with a
fellow researcher. We ended the data collection when we had
achieved saturation, i.e., when additional interviews did not
reveal new insights. The three data collection engagements
during 2003-2006 (Figure 1) with purposeful sampling were
complemented with two follow-up interviews in 2008 and
2010 where we talked to the manager and an analyst to
complement our data and get knowledge of how condition-
based maintenance had been consolidated.

Our project’s research archive consists of all transcribed
interviews and twenty documents, including public yearly
reports, history descriptions of LKAB, news coverage and
internal documents of MCC’s business plans and machinery
assessment routines. The first author and fellow researcher
produced a full case write-up for all respondents, and the
results were also orally presented for MCC management. The

different data sources, the case write-up and the feedback
from respondents helped us triangulate and validate our
interpretation of the case (Miles and Huberman, 1994).

To analyze the data, we followed recommended proce-
dures for qualitative research (Eisenhardt, 1989; Miles and
Huberman, 1994), using related literature to guide the
process through three steps of coding. The first round of
coding involved the first author (who had collected the data)
re-reading all data material to become immersed in the data
and look for central themes. During this work, the researcher
took notes and highlighted key phrases that were represen-
tative for the respondents. This round of coding was open-
ended (Strauss and Corbin, 1990) and helped the researcher
recall the details of the case, which was important as a
number of years had passed since the data was collected. The
second round of coding involved all authors. The first author

Oct-Nov 2003: April 2004: Jan- May 2006: Oct 2008, Aug 2010:
1 MCC, 4 LKAB 1 MCC, 3 LKAB 6 MCC, 16 LKAB 2 follow-up interviews
interviews focused interviews focused interviews evaluating with MCC to see how
on LKAB, their on MCC and condition-based condition-based
maintenance work selective maintenance at LKAB maintenance is
and the MCC experiences of and at MCC consolidated
initiative | MCC at LKAB | |
o~ I <« n 0 ) =)
8 S S ] S ] S
~ ~N ~ N ~ N N
~
| | o
During 2002: October 2005: January 2006: 2008: MCC and
LKARB initiates July 2903: LKAB orderanew ~ MCC has 16 LKAB continue
maintenance MC? 18 up and company wide employees, to perform
improvement running with 4 maintenance performing condition-based
project. This employees. management maintenance at the 5 maintenance.
includes startup Two LK,AB . April 2004:  software (MMS). production units.
of MCC with a production units MCC has 14
business plan perfo'rr'n employees and
during the con'dltlon—based performs
autumn. mélntenance maintenance at 5 During 2006:
with MCC. LKAB production Th'e new MMS
units. is implemented
at LKAB.

Figure 1 Data collection strategy.
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looked for examples of digitalization and mediation and
wrote up a three-page document with examples of empirical
accounts categorized as digital representation or digital
mediation figurations. This document served as a basis for
discussion between all three authors to refine our understat-
ing of the concepts and agree upon a common understanding
of the case. During these activities, we identified four
figurations (digital representation figuration 1: collecting
machine data, digital mediation figuration 1: connecting
maintenance workers, digital representation figuration 2:
data-driven maintenance planning, and digital mediation
figuration 2: cross-firm analyst team) and we looked at
condition-based maintenance as a whole to understand how
digital representation and mediation entangled to produce
condition-based maintenance. Specifically, regarding digital
representation we focused on how people used IT to monitor
and produce a work space, and regarding digital mediation
we focused on how people used IT to share and enact a work
arrangement. We define a work space as the tasks and the
context in which the tasks are performed supported by the IT
artifact and a work arrangement as the way in which actors
are distributed to execute the tasks. Hence, in this activity we
generalized from theory (the conceptualization of digital
representation and digital mediation figurations) toward
description (of condition-based maintenance practice) (Lee
and Baskerville, 2003). In this second step, we were attentive
to the figurations and the overall work practice. For example,
we considered how the collection of machinery information
was associated with norms among machine suppliers for
providing access to such information. In the third step, we
used the codes from the second round (marked above in
italics) to re-code the data. In doing so, we iterated between
analysis of empirical evidence of digital representation, digital
mediation and their entanglement to understand the
observed practice of condition-based maintenance (Eisen-
hardt, 1989). We focused on capturing the unique charac-
teristics of condition-based maintenance as an instance of a
digitalized work practice. Although our data analysis pro-
gressed primarily from empirical toward conceptual analyses,
there were constant interactions, with empirical material
leading to specific conceptual characteristics and conceptual
reflections triggering further analysis of the data.

Empirical analyses

LKAB is one of the world’s leading producers of upgraded iron
ore products for the steel industry, as well as a supplier of
industrial mineral products to other sectors. Historically, each
production unit at LKAB (five plants, two mines and one
logistics unit) had its own separate maintenance organization.
Each of these worked almost in isolation as expressed by the
production manager: We did not collaborate between the
maintenance organizations at each production unit. It was like
separate worlds, we rather went to Stockholm to collaborate with
an external partner than collaborating within the company. For
example, we never had meetings. Another example of this
separation of the maintenance organization was the IT
infrastructure. There were eight different types of maintenance
management software at LKAB as each production unit had
chosen the system they found most appropriate for their work.

Each unit also had technicians that were skilled in repairing its
specific machinery and planners who ordered spare parts and
scheduled work for those machines.

Maintenance was to a large extent reactive, although
lubrication and oil changes were done preventively. Also,
technicians who had worked in the same unit for a long time
inspected machinery with a preventive mindset. Based on
extensive experience, they knew individual machines well and
they could assess the condition of these specific machines
based on their embodied senses (sight, smell, sound and
touch). As an example, experienced technicians would place a
screwdriver on the machine to sense vibrations in order to
detect imminent breakdowns of machinery components.
Although some machinery could potentially be inspected
while in operation (which is not the case in settings such as
maintenance of jet engines), safety reasons restricted this
option, limiting such revelations to scheduled maintenance
windows about once every quarter. In addition to being
dependent on highly experienced technicians, this form of
preventive maintenance was very subjective and variable. The
production manager explained: Often when you walk around
in the plant you might see or hear something, but ... we need to
get rid of the person-dependency. If one guy walks around today
and another tomorrow, their data should be the same. In
addition to being highly person dependent, this embodied
form of preventive maintenance produced non-sharable data
in the mind of individual technicians. Far from producing
objective and sharable data that could be assessed and valued
by others, the inspections gave the technician a sense that the
machine “does not sound as usual,” which he could then share
with others as a basis for making repair decisions.

In 2002, LKAB initiated a productivity improvement
project to reduce downtime and unplanned work stoppages
in its operations. The goal was to have their four pellet plants
up and running 340 days per year, yielding a yearly
production of 1360 pellet days. Increasing production by
three days per year would augment revenues by eight million
Euro. In addition, decreasing the number of unplanned
machine stops of less than 1 h duration would increase the
quality of the iron pellet. As part of the improvement project,
LKAB decided to implement condition monitoring of
machinery and execute maintenance proactively to avoid
breakdowns, effectively moving from reactive to preventive
maintenance. This would help them address the shortcom-
ings of embodied diagnostics and realize its goals. To
implement the new condition-based approach to mainte-
nance, LKAB turned to Svenska Kullager Fabriken (SKF), a

3: Plan 4: Maintain

intervention machinery
2: Diagnose 1: Collect
exceptions measures

Figure 2 Work space of condition-based maintenance.
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large supplier of bearings used in industrial machinery, and
Sandvik, a larger supplier of industrial machines. In 2003, the
three companies established MCC as an independent joint
venture dedicated to performing remote diagnostics in
different industries.

Condition-based maintenance

Figure 2 depicts condition-based maintenance of mining
machinery from a work space perspective. The work space
constitutes through four cyclical tasks:

1. Collect measures—for machinery with installed sensors,
information is automatically and continuously collected;
for machines not equipped with sensors (due to lack of
network connectivity, for example), an MCC analyst
periodically visits the mine to collect data manually with a
micrologger. As precondition for this task, machines were
selected to decide which to monitor online or off-line and
the selected machinery components were connected via
SEnsors.

2. Diagnose exceptions—the remote analyst examines all
measures and collects additional information from onsite
workers if necessary. As precondition for this task, the new
distributed maintenance organization was established and
people both within LKAB and MCC were equipped with
mediating technologies as mobile phones and e-mail.

3. Plan interventions—the remote analyst reports the status
of the monitored components to onsite maintenance
managers; the maintenance manager talks to maintenance
technicians who regularly observe the physical machinery
in the mine to make final decisions about maintenance

Table 3 Portfolio of technologies in condition-based maintenance

interventions, taking both the MCC analyst’s interpreta-
tions of the sensor data, as well as other information into
account, e.g., criticality of the machine, availability of
spare parts, and time to the next scheduled maintenance
window. The maintenance planner then prepares the
maintenance by ordering spare parts, scheduling work and
creating work orders.

4. Perform maintenance—the planned interventions are

executed by maintenance technicians.

The distributed work arrangement between LKAB and
MCC includes distributed technicians, planners and man-
agers across different production units and experts analyze
collected data at MCC’s remote office. As summarized in
Table 3, the work space and work arrangement relies on
diverse digital technologies including: sensors to collect data;
a centralized database; mobile phones to enable direct
communication between distributed people; e-mail to enable
transfer of documents; and, diagnostic software for analyzing
and visualizing data to make recommendations, generate
alarms or initiate responses. This portfolio of technologies is
highly dynamic as the status of machines constantly changes,
depending on where and how they are used, their compo-
nents (replacement parts are often different from the
originals) and wear of the components. To keep pace with
this evolving composition of machinery, the digital repre-
sentations are continuously updated and software simula-
tions are adapted. Moreover, LKAB and MCC constantly
upgrade infrastructure with the latest sensor, networking and
monitoring technologies. For example, new broadband

Technology Description Users Usage
Sensors Device that converts a real-word ~ Remote analysts Collect measurements from machinery above
property into data ground (Figure 2, task 1)
Logging Stationary computer that collects
computer data from the sensors
Micrologger Handheld device with sensor for Collect measurements from machinery
manual data collection underground (Figure 2, task 1)
Diagnostic Software for analysis of data Creating a digital representation of the machinery
software and for analysis of collected measures (Figure 2,
task 2)
Laptop PC with software and Internet Used for creating digital representations, analysis,
access that is utilized during e-mail and writing diagnostics reports
manual, off-line monitoring (Figure 2, task 1-3)
E-mail Outlook Express, standard e-mail ~ Remote analysts Communication and sharing of information

software

and maintenance between the distributed actors

managers
Mobile phone  Sony-Ericsson, regular mobile Communication and sharing of information
phone between distributed actors
Maintenance Maintenance software with Maintenance Contains relevant information for creating digital
management technical information on managers, representations of the machines and used for
software machinery and work orders planners and creating work orders and scheduling
technicians maintenance (Figure 2, task 3, 4)

Stationary PC

Traditional stationary PC with
required software

Used for searching relevant information in the
maintenance management software and for
creating and scheduling work orders (Figure 2,
task 3, 4)
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technology promises to improve connectivity within the
mine, thus decreasing the need to collect diagnostic data
manually with a micrologger.

In the following, we analyze four figurations that are
empirically observable in condition-based maintenance prac-
tices: collecting machine data (representation figuration),
connecting maintenance workers (mediation figuration), data-
driven maintenance planning (representation figuration), and
cross-firm analyst teams (mediation figuration). Based on these
insights, we synthesize how condition-based maintenance
practices are produced through entanglement of these
figurations.

Collecting machine data (digital representation figuration)

One of the fundamental aims of condition-based mainte-
nance is to create and maintain an accurate digital represen-
tation of each machine and component that needs
monitoring. The collection of measures involves both
collecting machinery information to build a digital repre-
sentation of the machine in the diagnostic software and the
continuous collection of sensor measures (Figure 2, task 1).
Building the digital representation of the machinery in the
diagnostic software entails combining manufacturer-supplied
technical information about each machine with preinstalled
information in the diagnostic software, e.g., on types of
bearings and the number of teeth on bearings in a gearbox.
Analyst C at MCC described this as follows: We build a
digital representation of a machine that is identical to its
physical counterpart. For example, we build a [representation
of a] transporter with all of its components, such as the
electrical engine and gearbox, and we add measurement
points to the digital machine. Then we add all available
technical data on the electrical engine and the gearbox. The
manufacturer has information about the bearing type, the
kind of motor and its bearings.

Producing an accurate digital representation of a machine
is important because it provides a basis for defining
measurement points and planning manual collection of
sensor data from the physical machine. In other words, the
digital representation of the machine—rather than the
machine itself—serves as the referent in the processing of
diagnostic data. While producing an exact digital copy of any
piece of machinery is the ideal, achieving this goal poses
numerous challenges, partly because of missing documenta-
tion. Analyst C at MCC explained: Sometimes when I need
certain information I go to the customer and we search for a
drawing, but we can’t find it. Then 1 call the machinery
supplier, but they don’t want to share the drawing with me.
Then I contact the customer and ask them to push the supplier
to get access to the drawing. It would be much easier if the
information was delivered with the purchase of the machine,
but that’s not the case today.

Thus, gathering the information needed to produce the
digital representation of a given machine is inherently
conditioned by social institutions, particularly norms asso-
ciated with supplier-customer relationships. Machine sup-
pliers are reluctant to work with third parties like MCC, but
are obliged to provide customers like LKAB detailed design
information about their machines. Thus, while the encoding
of analog information into digital format is a technical
process (e.g., a sensor encoding vibrations into bits) it is

intrinsically dependent on human actions (technicians find-
ing construction information to insert into the diagnostic
software). This is indicative of the entanglement of the social
and material in producing a digital representation of each
machine. Another indication is that LKAB had not kept exact
historical records of all parts that had been replaced in a
given machine over the years. Even the continued mainte-
nance of machines was not adequately documented, making
it difficult to update the diagnostic software with new
technical specifications in a reliable and timely manner. In
light of these challenges, analysts sometimes inserted infor-
mation about standard components into their digital repre-
sentations. While these pragmatic workarounds made the
digital representation complete, the differences between the
physical and the digital machines remained and had to be
considered in the interpretation of sensor data and simulated
status for a given machine.

While the rendering of a given machine’s components in
the diagnostic software digitizes machinery in relatively static
terms, the sensor data provides a dynamic digital represen-
tation of the machine’s behavior. Generally, sensors are
permanently installed on the physical machine to collect and
communicate data on, for example, the vibrations of
bearings. These online sensors are connected to a central
monitoring unit, which in turn is connected to a logging
computer that transfers the sensor data to a central database
for storage. However, installing online sensors on some
machines was not feasible, for instance at locations down in
the mines that are too remote for network connectivity. In
these cases, analysts visit the mine to collect data with a
micrologger, a portable handheld device that can be affixed
by means of a magnet to a machine’s bearing house in order
to collect and store vibration data. After collecting data from
a number of machines on a given route, the analyst connects
the micrologger to a laptop and downloads the sensor data,
which are then transferred to the central database for storage
and to the diagnostic software for processing. Vibration data
collected through the micrologger were considered inferior to
data collected online, because of variations in factors such as
the placement of the magnetic sensor on the machine and the
periodicity of the data collection (in contrast to the
continuity of the automatic online data collection). MCC
analyst A also highlighted the inconvenience of collecting
data manually: I think the online monitoring should be further
developed; it is the best. If you’re uncertain about a machine,
you can get the vibration data immediately. You don’t have to
change clothes, drive to the customer’s facilities, take measure-
ments, drive back, shower, and then begin the analysis. With
online monitoring you get better quality, you can sit calmly and
just look at the [digital representation of the] machinery.
Hence, manually collecting digital representations of machin-
ery status requires that people change clothes, go into the
mine, touch the physical machine and shower, when they
would prefer to “sit calmly and just look at the digital
representation of the machinery.” This further highlights how
this figuration is continuously produced through entangle-
ment of digital materiality (i.e., the sensor data and the
diagnostic software that represents the machine so that the
analyst can “just look” at it) and social actions (i.e., driving to
the mine, placing the sensor on the machine, starting the
micrologger).
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Collecting machine measures (Figure 2, task 1) is a
representation figuration that involves two main activities,
building a digital representation of a machine in the
diagnostic software and representing the vibrations of the
components through sensor data. While the representation of
a machine is relatively static (the components are the same
for longer period of times), the representations of vibrations
are highly dynamic with updates every second (online
monitoring). As this section has revealed, representational
activities are inherently sociotechnical involving entangled
technologies, social norms, knowledge, routines and actions.

Connecting maintenance workers (digital mediation figuration)

As part of their move toward preventive maintenance, LKAB
decided to reorganize the maintenance organization to get
workers collaborate and to share knowledge across units
within the company. The goal was to create one maintenance
organization across all production units, as expressed by the
production manager: We broke up the [maintenance] units,
they had been like their own kingdoms within the company |[...]
The aim was to create a new culture of collaboration [...] The
goal for the new maintenance organization was to drop
centennial dogmas and principles. As the production units
are disseminated geographically, digital technologies became
important in mediating the collaborations between the
distributed actors. Different technologies like shared main-
tenance management software, e-mail and mobile phones
were used to achieve this. Besides shared and mediating
technologies, the change involved social issues as well, for
example new routines regarding maintenance work were
developed to be used throughout the company. The man-
agers at each production site also started to have regular face-
to-face meetings. With shared technologies and routines in
place, new work arrangements could be made where one
worker could change work place and still know how to
perform the work. The information transfer between main-
tenance workers at the different production units did mainly
take place through phone calls, e-mail and face-to-face
meetings, while information regarding planned stops and
work orders was shared through the new maintenance
management system. The internal mediation was hence still
low-tech meaning in the sense that LKAB did not make use
of complex or advanced computer-supported collaboration
systems to facilitate information sharing and coordination
among its workers, but compared to the historical situation
the change has created higher connectivity within the
company. This did, however, require changes and replace-
ments of social as well as material conditions.

Changing the maintenance organization to allow people to
collaborate across teams and production units was of course
challenging, but it was an important antecedent for the new
preventive maintenance approach. Software that had been
used and adapted under many years should be replaced, and
people were asked to collaborate across traditionally rigid
organizational boundaries. It was necessary to push the
organization toward new goals while preserving the employ-
ees’ trust and ensuring their willingness to go there. The
production manager expressed how the main challenge was
to make people understand and accept the changes and
follow the new routines. The increased emphasis on preven-
tive maintenance through better routines was seen as

particularly challenging. Maintenance manager A explained:
If we have a breakdown and everything stops, the production or
maintenance manager runs down to the machine. It’s of course
fun for the maintenance technician to work then. You become
important. Everyone ask you, “can you fix this?” But, we can’t
continue to work that way. We must develop a new culture
where you get feedback and work preventively. The managers
shouldn’t show up when there is a breakdown; they should come
and meet the groups and ask about the continuous preventive
work. That’s very difficult. Despite these challenges, the shared
technologies and collaboration across maintenance units was
in place after only 3 years. The production manager was
pleased with the new maintenance organization even though
the change toward preventive maintenance still required a lot
of work. In parallel to connecting the workers across
production units, LKAB decided to invest in monitoring
and diagnostics technology that improved condition moni-
toring of machines as part of preventive maintenance.

Data-driven maintenance planning (digital representation figuration)
The collected machine data are used for a variety of analyses
to gain knowledge of the status of the monitored components
and decide if intervention is necessary to avoid machinery
breakdown (Figure 2, task 2). To analyze the collected data
and diagnose the exceptions, remote analysts create an overall
vibration spectrum as well as detailed charts of specified
frequencies for each physical component with the help of the
diagnostic software. By examining frequencies of vibrations,
the analyst simulates when and where types of damage are
likely to occur. When used for monitoring bearings, the
diagnostic software provides detailed information on
whether damage is likely to occur on the bearing’s bullets,
outer ring or inner ring. Based on their experience and
knowledge, the analysts then search for likely causes of
detected problems, e.g., mechanical looseness, an imbalance
or a lubrication issue. To make sense of the information from
the diagnostic software, analysts consider overall spectra as
well as specific frequencies. The technical developer at MCC
explained: There are filtered monitoring modes, called envelope
measurements, where we can see bearing damage very early.
But if we can spot damage in the speed monitoring [in the
overall spectrum], we know from experience that the damage is
greater.

The status of the machinery, digitally represented through
data processing, is thus produced through an entanglement
of the social and material, in this case the built-in data-driven
capacity of the software and the analyst’s personal expertise.
By monitoring physical vibrations at different frequencies,
the diagnostic software develops profiles of a machine’s
behavior. For example, in the digital speed monitoring mode,
vibration values are measured over a wide spectrum covering
many frequencies. Different frequencies cover vibrations
from different physical parts of the bearing. To enable a
specific part to be monitored, analysts tend to focus on a
narrow frequency range. Analyst C described the procedure
as follows: A specific rotation speed may be at 24 Hertz
frequency. Then we can build a trend at that frequency and the
software filters out everything else [signals at other frequencies].
For example, you adjust the frequency to cover a range from
23.89 to 24.02 Hertz and just analyse [signals in] that frequency
range. This type of filtered analysis enables analysts to trace
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the vibration patterns of a given physical component over
time. Measuring trends at specified frequencies helps them
set alarms and track the wear and tear of specific physical
components. The analytical process is thus iteratively zoom-
ing in and zooming out, through decisions on what to look at
based on values presented on a screen as well as the analyst’s
experience. While focusing on narrow frequency bands is
efficient, the quote above also provides clues about the kinds
of digital machines that the diagnostic software creates.
Interestingly, the digital representations focus on the internal
operations of machines, which are frequently invisible to
those interacting with the physical machine. The following
example, recounted by maintenance technician B at LKAB,
highlights the added insight gained through the digital
representation of the machine status: A year ago, we had a
serious issue with a lantern gear in one of the plants. The MCC
analysts told us it didn’t look good. We went there but couldn’t
see anything. A few days later he called again [...] He told me
that the vibrations were increasingly dramatic. 1 decided we
should stop the process the next morning to check. When we
stopped, we could see the machine was close to a total
breakdown; it had coarse sand in the gear. When we looked at it
running, we could see nothing wrong. But when we stopped it
we could see imminent damage. Accordingly, conditions
invisible during a physical inspection of the running machine
were digitally visible thanks to the digital representation of
machine status. Once a month, the MCC analysts summarize
the status of all machinery in a report. Analyst C recalled his
first reports: The first reports I wrote, wrote and wrote. When [
sent the report, I was waiting for a response, but no. Now, I
have made them simpler so you don’t need to be an engineer to
understand them. Now, when I send the report my onsite
contact person always calls and asks for clarifications. At LKAB
the information gained from the reports and from direct
contact with the remote analysts is important in maintenance
planning (Figure 2, task 3). In the regular maintenance
meetings between planners and managers, the information is
interpreted and additional onsite information is added to
give an overall view of the status of the machinery and the
appropriate time for intervention. When interventions are
decided, a work order is placed in the maintenance manage-
ment software and the maintenance planner order new parts
accordingly. Maintenance technicians perform the mainte-
nance (Figure 2, task 4) based on the work orders with
specification of which component to repair or replace.
Initially, many onsite workers questioned data-driven
recommendations to preventatively maintain machinery.
The skepticism and how it was overcome through experience
was recounted by maintenance manager D: We had [a data-
driven] indication of imminent damage to a bearing in one of
the refiner engines. When our technicians replaced the bearing,
there were a lot of discussions [among the LKAB maintenance
staff] about whether it had been necessary or not. When they
opened the engine in our workshop they could not find any
damage on the bearing, so the discussions increased. We decided
to send the bearing to our supplier for further analysis and they
could detect damage. Similarly, maintenance technician I
recalled: Data-driven analyses indicated a problem in the
motor. It was replaced. But then the measurements indicated
problems in the new motor as well. That motor was also
replaced and sent for inspection, which revealed that there

actually were problems in the new motor as well. So, the
measurements were correct. Then I started to believe that data-
driven analyses actually work.

This figuration zoomed in on data-driven maintenance
which involves the dynamic creation of a digital represen-
tation of the machinery status. This representation is the
result of analysts’ process collected data with the diagnostic
software to detect upcoming issues. In this processing, built-
in capabilities of the software afford zooming in on specific
frequencies as the analysts’ knowledge and experience
entangles with the digital representation of the current status
of the machine component.

Cross-firm analyst team (digital mediation figuration)

A key part of realizing preventive maintenance at LKAB was
to include the complementary skills of remote analysts that
on a full-time basis focused on monitoring and analyzing
data about a variety of machinery across many different firms
and locations. To enable this, remote analysts had direct
access to the digital representations of machinery through
PCs and laptops and they could use the data in full or
selectively to support their particular role in the new
distributed work arrangements. In the beginning, onsite
workers at LKAB had hesitations about this work arrange-
ment as expressed by maintenance planner A: I had some
thoughts and hesitations when they [MCC] got access from their
office and could see the results there. How would it be then, do
we lose a lot? But it has worked better than I thought [...] With
the new distributed work arrangement, onsite workers did
not get immediate information about work being performed
by remote analysts. Collaborations and information sharing
is now mediated through different technologies. So, in
addition to collecting data about the inner workings of
individual machine components directly via network con-
nections, the onsite workers and remote analysts used phone,
e-mail and face-to-face meetings to jointly produce shared
knowledge of the status of the machinery. However, as the
representations of machinery conditions were limited by
what sensors could measure, these mediated work arrange-
ments were critical for the work. The manager at MCC
emphasized the importance of these mediated collaborations:
Actually, it is a new way of working. Earlier they [the onsite
workers] did this in their own plants, but now they have to
release it and trust the remote analyst group. You have to
understand the borders, what are the remote group and the
onsite group doing? It should not become two different camps;
the groups should complement each other. Maintenance could
only become preventive rather than reactive by treating
onsite and remote work as complementary and by drawing
on the full scale of different sensing capabilities and data
collection technologies. In fact, appropriate decisions to take
preventive action could only be made by combining remote
analyses of sensor data with insights from onsite workers who
had both historical and situated knowledge of the machines
and the current conditions in the mine. The remote analysts
therefore needed requisite social competencies as expressed
by analyst C: You need a large, large portion of social
competence. If not, it’s pointless [...] The worst thing you can
do is to step on someone’s toe, you might get the job, but if they
set against you, you might not get that additional help you need.
That extra help about the equipment is valuable to get. Then, I
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can talk to the onsite workers and ask if the machinery always
has behaved like this? Hence, although collaboration between
onsite workers and remote analysts was supported through
technologies as phone and e-mail, social skills were equally
important to actually gain the necessary information.

Beyond LKAB, the technology afforded remote analysts the
opportunity to collaborate with onsite workers located at
other locations within different firms. Besides LKAB, MCC
also had other customers in the region. This helped them
develop deeper knowledge of the status of machinery
components in different settings. However, MCC envisioned
growing and having customers outside the region, analyst A
said: We could monitor a machine in Africa. It is just to plug in
the cable if you have a network and access to Internet. But then
we need good contact with someone onsite. We could not go
there regularly. You would need a personal relation via phone
and email and a lot of information sharing for example though
photos or video link. In a way, it does not matter if this rotating
shaft is located in this basement or in Africa. Again, we see how
social competence to create personal relations was viewed as
important in digital mediation, no matter where machinery is
located. When technologies are used for mediating informa-
tion between people, social skills become important to get
accurate information. Accordingly, it is the entanglement of
the social (skills) and the material (phone, e-mail) that
produces the digital mediation in condition-based mainte-
nance. Also, different technologies can be utilized in these
mediations to support information sharing. Photographs or
video links were not used in the present arrangement with
LKAB, but these technologies were envisioned to become
more important, in particular where onsite visits are
impossible or difficult to arrange.

Condition-based maintenance practices
Insights into the role of digital representation and mediation
figurations in producing networked diagnostics are helpful in
considering the maintenance practices as a whole. The
transition from corrective to preventive maintenance at
LKAB and MCC was not the result of a simple aggregation of
digital representations and mediations. Instead, it was the
ongoing, day-to-day constitutive entanglement of four dif-
ferent figurations that produced the ability to make appro-
priate decisions about when to repair machinery before a
breakdown occurred. The technical developer at MCC
articulated this entanglement: When we get an alarm [from
the digital representations], we always consider additional
information sources [through digital mediation] to be able to
refine the data so we can tell what has caused the alarm.
Condition-based maintenance produced an environment
in which onsite workers and remote analysts—using a
portfolio of digital technologies—co-created relevant and
meaningful information to support crucial decisions about
when and how to prevent breakdowns of machinery. This
constitutive entanglement of digital representation and
digital mediation figurations was directly observable in the
frequent discussions between onsite workers and remote
analysts in which digital representations were compared to
onsite knowledge and experience about conditions in the
mine to adjust diagnostic insights. It was also evident every
time maintenance managers at LKAB combined and balanced
information from several sources to decide when and how to

engage in preventive repairs. Moreover, the entanglement of
representations and mediations served as a concrete demon-
stration of the vision that MCC could serve as a hub in a
web-of-machinery in which it leveraged its portfolio of
technologies and analysts to collaborate with maintenance
workers across different companies and industries.

As a first important characteristic, condition-based main-
tenance at LKAB and MCC was produced through digital
representation and digital mediation figurations that were
mutually complementary. Simply put, the digital represen-
tations provided up-to-date, specific information about the
condition of each machine, while the digital mediations
produced additional information and knowledge sharing
across organizational boundaries. This complementarity was
important because the condition of the physical machinery
was more nuanced and situated than could be sensed
separately by the digital representations and mediations.
On the one hand, digital representations afforded detailed
changes in vibration signals and the remote analysts used
software to continuously produce diagnostic insights regard-
ing the operational performance of each machine. On the
other hand, digital mediation made additional information
available based on remote analysts’ knowledge of similar
machinery at other locations, and onsite workers” knowledge
of the history of each machine and their observations of the
physical conditions in and around machines, like dirt in the
oil.

As a second characteristic, the representation and medi-
ation figurations were highly interdependent in the sense that
they could hardly exist without each other. On the one hand,
the digital mediations were directly reliant on digital
representations to afford inclusion of remote analysts in the
distributed work arrangement. Without representation of the
configuration and condition of each machine, there would be
little need for remote analysts and diagnostic software. On
the other hand, although representations without mediations
would have been possible (by recruiting or training onsite
analysts), such an arrangement would not have held the
promise of growth and learning offered by extending the
collaboration between onsite workers and remote analysts to
other firms and industries.

As a third characteristic, although the complementarity of
information sources provided a rich basis for making
appropriate decisions on when and how to repair machinery,
it required a shared sense of urgency to constantly drive the
dispersed actors to effectively and continuously co-produce
requisite information and appropriate decisions. Indeed,
despite heterogeneity in terms of the many actors and
technologies involved, the actors shared a common mission
that encouraged them to constantly collaborate and coordi-
nate. Maintenance manager G explained: Knowledge of the
status of bearings earns money in this conjuncture. If we avoid
unplanned breakdowns we earn money, because everything we
can produce can be sold. Maintenance manager D acknowl-
edged the shared sense of urgency between LKAB and MCC:
He [the remote analyst] also knows the importance; he knows
the consequence if a machine with a red line [indicating
imminent problems] stops.

To summarize, condition-based maintenance at LKAB and
MCC continuously addressed an essentially simple question:
when is it appropriate to intervene and perform maintenance
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on a given machine? However, making this decision
remained challenging because of the situated, complex and
constantly changing condition of mining machinery. In
response to this challenge, the mutual complementarity and
high interdependence between the digital representations and
mediations produced condition-based maintenance practices
that allowed remote analysts and onsite workers to co-create
requisite diagnostic insights to support condition-based
maintenance at LKAB. The ability to produce these new
practices out of considerable social and material heterogene-
ity was to a large extent driven by economic pressures to
prevent unplanned breakdowns and shared social commit-
ments to keep the expensive machinery running through
preventive maintenance.

Discussion and theory development

As increasingly sophisticated digital technologies proliferate
across a wide variety of contexts, they become entangled in new
ways with human activities and the material underpinnings of
practice. It is therefore important to understand the implica-
tion of this emergent fusion of IT and work and the ways in
which it affects today’s organizations. Against that backdrop,
our research focuses on empirically and theoretically account-
ing for how digital technology characteristics are implicated in
the constitution of contemporary work practices. In the
previous sections, we introduced digital representation figu-
rations and digital mediation figurations to understand the
fusion of IT and work in the particular context of condition-
based maintenance of mining machinery in the Swedish iron
ore mining business, LKAB. Consistent with the idea that
figurations are empirically observable traces of how human
and material agencies come together in the constitution of a
work practice (Latour, 2005), we built on the foundational
entanglement of material and human agency (Leonardi,
2011, 2013) to analyze how representations and mediations
materialized in the mining context. Based on the empirical
findings and the idea that digital technologies are embedded in
wider ecosystems such that they become increasingly editable,
interactive, reprogrammable, and distributable (Kallinikos
et al., 2013; Yoo, 2013), this distinction between digital
representation and digital meditation figurations of human
and material agency helps us to advance a new theoretical
perspective on how key characteristics of digital technologies
are implicated in work practices.

Digital representation and mediation figurations

Our findings revealed how LKAB used a range of digital
technologies such as sensors, microloggers, networks and
laptops to produce measures of their mining machinery
(Table 3), how they collaborated with suppliers to establish
and maintain information about the configuration of mining
machinery and how they collaborated with remote analysts
that used software to analyze the measures to gain knowledge
of the status of individual machines. Hence, as a fundamental
characteristic of how digital technologies were used at LKAB,
we described how digital representations were used to
monitor and produce a work space for condition-based
maintenance of mining machinery (Ramaprasad and Rai,
1996; Zuboff, 1988). One digital representation constituted
through systematic collection of data from the physical
machines within the mine, relying on a combination of

sensor or logging technology (Representation figuration:
collecting machine data). Although each measure represents
a particular attribute (e.g., vibration) of the state of a physical
machine at a certain moment in time, frequent and
continuous sampling of several measures at uniform intervals
afforded valuable insights into when a specific machine
would likely need preventive maintenance. A related repre-
sentation figuration relied on additional data about the
historical configuration of each machine to assess its current
condition and make decisions about when it should be
serviced next (Representation figuration: data-driven main-
tenance planning).

At the same time, we described how condition-based
maintenance at LKAB was highly distributed because indi-
vidual machines are located underground with difficult and
time-consuming accessibility and because different mines
and plants are located across a considerable geographical
area. There are therefore multiple distributed technicians and
managers dedicated to the maintenance of different
machines. Hence, as another important characteristic of the
use of digital technologies at LKAB, the organization used
digital mediation figurations to produce and enact mainte-
nance work arrangements (Andersen, 1990; Persson et al.,
2009) across geographical (Higerstrand, 1975; Olson and
Olson, 2000) and temporal boundaries (Chudoba et al.,
2005). The onsite workers used digital technologies to
mediate their internal collaboration across different locations
(Mediation figuration: connecting maintenance workers),
and they collaborated with analysts at remote sites that used
advanced analytic software to support preventive mainte-
nance of industrial machinery across multiple firms (Medi-
ation figuration: cross-firm analyst teams). These digital
mediation figurations constituted through entanglement of a
variety of skills and work routines with digital technologies
such as e-mail and mobile phones to help the distributed
actors jointly make preventive maintenance decisions about
individual machines. These digitally enabled work arrange-
ments provided the remote analysts with information about
individual machines beyond what was immediately available
through digital representations, and they provided them
access to up-to-date information about machines even when
workers could not inspect them for safety reasons as the
machines were operating.

Accordingly, digital representations produced a work space
for assessing the condition of individual machines and digital
mediations bridged geographical and temporal boundaries in
a highly distributed work arrangement that allowed the
involved actors to share information from the work space for
joint problem solving and decision making.

Inherent attention and coordination uncertainties

Having understood the opportunities afforded by represen-
tation and mediation figurations at LKAB, we consider
related challenges consistent with previous research on the
fusion of IT and work. For example, Bailey et al. (2012) show
how digital tools to simulate, visualize and test new complex
products, and their “crashability” made it challenging to
separate physical objects and people from the digital
representations of design objects; Mazmanian et al. (2013)
demonstrate how IT simultaneously increased and decreased
workers’ sense of autonomy. Similarly, we revealed inherent
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challenges in condition-based maintenance of mining
machinery that may be understood in terms of the notion
of uncertainty (Daft and Lengel, 1986; Galbraith, 1973).
Galbraith (1973) defines uncertainty as “the difference
between the amount of information required to perform
the task and the amount of information already possessed by
the organization” (p. 4). Drawing on this concept, we
conceptualize the inherent uncertainties evoked in the digital
representation and mediation figurations in condition-based
maintenance of mining machinery through the notions of
attention uncertainty and coordination uncertainty.

Attention uncertainty captures how the digital represen-
tation figurations at LKAB afforded access to a work space
with selective (i.e., representing only some aspects of each
machine’s condition) and disembodied (i.e., relying on data
about rather than experiences with each machine’s condi-
tion) information about each machine’s condition. The
digital representation is detailed, giving the remote analyst
information about what is measured—e.g., vibrations, speed
and temperature—and not the broad spectra of information
that can be captured by onsite workers. Hence, both observed
digital representation figurations (collecting machine data
and data-driven maintenance planning) involved an inherent
level of attention uncertainty: the difference between the
information needed to make preventive maintenance deci-
sions about a machine and the information that is available
about that machine in the digital representation figuration.

Similarly, coordination uncertainty captures how the
digital mediation figurations at LKAB afforded access to a
work arrangement with episodic (i.e., mediating periodic
interactions) and non-situated (i.e., relying on mediated
rather than embodied presence) collaboration. Hence, the
onsite workers raised concerns whether machines were
monitored appropriately as they could not see the remote
analyst doing the work and they had limited understanding
of how they performed this task. At the same time, remote
analysts experienced that onsite workers did not appropri-
ately read the reports they e-mailed them and they also
experienced problems keeping information about individual
machines up-to-date as they did not receive information
when components were replaced onsite. Accordingly, both
observed digital mediation figurations (connecting mainte-
nance workers and cross-firm analyst teams) involved an
inherent level of coordination uncertainty, i.e., a difference
between the information needed to support coordination
between the distributed actors involved in preventive main-
tenance and the information available in the digital media-
tion figurations that supported their coordination.

Configuration principles of cohesion and coupling

Following the logic of organization design, theorizing can
provide complementary insights into the organizational
principles underpinning the observed digital figurations in
condition-based maintenance of mining machinery. To that
end, we draw on Simon’s architectural principles
(1962, 1996) as they are espoused in the product design
(Baldwin and Clark, 2000; Murmann and Frenken, 2006;
Wilson, 1969) and software development literature (Bansiya
and Davis, 2002; Mathiassen et al., 2000; Yoo et al., 2010).
Across a variety of complex arrangements, this literature
emphasizes modular architectures with high cohesion to

support consistency within modules and loose coupling to
enable flexibility between modules. Adapting this principle to
the fusion of IT and work suggests the involved actors should
strive for high cohesion in digital representation figurations to
ensure consistent representations of work spaces and loose
coupling in digital mediation figurations to ensure flexibility
of work arrangements.

High cohesion in digital representation figurations affords
continuous evaluation and revision of a representation in
relation to the physical world to ensure its utility as a shared
reference point for joint problem solving and decision
making. Hence, although digital representations may be
enabled by a portfolio of digital technologies the involved
actors must engage to make the information about the
physical world as up-to-date, valid and useful as possible. In
our analysis, we saw how onsite workers at LKAB and remote
analysts continuously interacted to establish, collect and
maintain appropriate digital representations of each
machine. Remote analysts collected machine supplier infor-
mation to make sure sensor data were analyzed according to
the specification of the installed components (e.g., bearings);
they decided on which interval to collect data and whether to
use microloggers or sensors; they communicated with onsite
workers to check the validity of measure and to collect
complementary information about the condition of each
machine (Representation figuration: collecting machine
data); and they analyzed the collected data to produce
knowledge of the machine status (Representation figuration:
data-driven maintenance planning). As such, digital repre-
sentations in the fusion of IT and work afford new
opportunities for evidence-based management of work
spaces. However, to achieve up-to-date, valid and useful
insights into a real-world work space, the involved actors
must heedfully interrelate (Weick and Roberts, 1993) to
ensure each representation is highly cohesive.

Loose coupling in digital mediation figurations affords
continuous adaptation of a work arrangement in relation to
local conditions while at the same time enabling production
of intended outcomes. Many scholars have suggested orga-
nizations will increasingly adopt distributed work arrange-
ments as digital technologies provide new sophisticated
opportunities for mediation across space and time (Leonardi
and Bailey, 2008). Consistent with this claim, our findings
suggest digital mediations play important roles in the fusion
of IT and work by affording new opportunities for organizing
and enacting highly distributed work arrangements. To
afford appropriate flexibility while at the same time enabling
participants to contribute to intended outcomes, the digital
mediations must rely on loose coupling between the local
tasks of the work arrangement. In our analysis, we saw how
distributed onsite workers at LKAB coordinated their work
following local schedules and routines (Mediation figuration:
connecting maintenance workers). Similarly, the remote
analysts independently monitored and analyzed several
machines across LKAB and within other firms as new data
became available (Mediation figuration: cross-firm analyst
teams). These loosely coupled work arrangements provided a
powerful combination of idiosyncratic sensing capability
close to the physical conditions of each individual machine
combined with systematic sensing capability based on
detailed and up-to-date digital representation of key machine
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conditions. When this distributed and complementary sens-
ing suggested a breakdown was imminent, or information
was missing, the actors had to come together to exchange
additional information, discuss interpretations and make
preventive maintenance decisions.

Entanglement of representations and mediations

While extant research has portrayed digital representation
and digital mediation practices independently, we considered
the two together in the same work practice to gain new
insights into the fusion of IT and work. Building on the
notions of digital representation (Carlile, 2002; Mingers and
Willcocks, 2004; Ramaprasad and Rai, 1996; Zuboff, 1988)
and digital mediation (Andersen, 1990; Chudoba et al., 2005;
Persson et al., 2009), our analysis revealed how condition-
based maintenance at LKAB was produced through entan-
gling of the two types of figurations. We argue that this
fundamental characteristic of condition-based maintenance
was essential for reducing the inherent uncertainties in the
digital representation and mediation figurations, allowing the
involved actors to jointly produce appropriate preventive
maintenance decisions about each individual piece of mining
machinery.

While digital representation introduced attention uncer-
tainty due to its selective and disembodied nature, our
empirical analysis showed how the distributed actors reduced
this uncertainty through digitally mediated and asyn-
chronous contributions. For example, when remote analysts
received sensor data indicating fluctuating temperature in a
machine they did not always know what had caused these
fluctuations (Representation figuration, data-driven mainte-
nance planning). To reduce this uncertainty, analysts used a
mobile phone to text or call a worker onsite to get additional
information that helped them identify what caused the issue
(Mediation figuration, cross-firm analyst teams). This
demonstrates how attention uncertainty introduced by
digital representation figurations may be reduced by com-
plementary digital mediation figurations as the two types of
figurations entangle.

Similarly, while digital mediation figurations introduced
coordination uncertainty due to their episodic and non-
situated nature our analyses showed how the distributed actors
reduced this uncertainty by relying on the shared work space
that constituted through digital representations. For example,
when onsite workers and remote analysts coordinated to
support preventive maintenance decisions for specific machi-
nes, the onsite workers had little or no understanding of the
highly technological context in which the remote analysts
worked. At the same time, the remote analysts did not have the
onsite worker’s embodied sense of the particularities of each
machine and the conditions under which it operated. To
reduce these coordination uncertainties, the distributed actors
shared the same digital representations, continuously collab-
orating to make this work space an appropriate foundation for
joint problem solving and decision making. This demonstrates
how coordination uncertainty introduced by digital mediation
figurations may be reduced by complementary digital repre-
sentation figurations as the two types of figurations entangle.

In 1988, Zuboff presented her seminal study of IT in the
work place and introduced the concepts of automate and
informate. With the concept of informate, she distinguished

computer-mediated work from other forms of purely auto-
mated jobs. The concepts of automate and informate are still
valid to understand computer-supported work, but during
the 30 years that have passed since Zuboff’s study, IT has
moved out from the office and control room to every corner
of the work place. Although automate is still a very important
perspective on the fusion of IT and work, this paper therefore
recognizes that informate has taken on increasingly complex
forms by extending Zuboffs focus on informate with a
complementary focus on collaborate. As such, the distinction
and intrinsic relation between digital representation and
digital mediation offers a nuanced and elaborate explanation
of how technology is applied to create and share information
in today’s increasingly networked and knowledge-based work
arrangements.

The literature on processing information in organizational
context has for long emphasized how actors need to produce
quality information to cope with environmental uncertainty
and support decision making (Galbraith, 1973; Premkumar
et al., 2005). Moreover, this line of research suggests two
strategies for coping with uncertainty, by reducing the
adverse effects of these uncertainties through various forms
of buffers, or by implementing combinations of information
processing capabilities and structural mechanisms that
improve information production and consumption
(Premkumar et al., 2005). Extending these insights, our
study has demonstrated how the intrinsic entangling of
digital representation figurations (affording new information
processing capabilities) and digital mediation figurations
(affording new structural mechanisms) may help us better
understand how the specific characteristics of digital tech-
nologies are implicated in the fusion of IT and work. In
particular, our study revealed how heedful interrelation
(Weick and Roberts, 1993) across multiple, distributed actors
produced the entangling of digital representation and
mediation figurations that allowed them to reduce the
inherent attention and coordination uncertainties and arrive
at appropriate preventive maintenance decisions for each
individual machine.

Concluding remarks

As noteworthy limitations, we grounded this research in
empirical material describing a specific case of condition-
based maintenance of mining machinery to advance digital
representation and digital mediation as two distinctive
figurations in the fusion of IT and work. Hence, our research
offers analytical, case-based generalizations rather than
statistically rigorous, sample-based generalizations (Lee and
Baskerville, 2003). Further, we have not theorized how
figurations unfold over time. While this study was carried out
some years ago, the condition-based maintenance is still
carried out with the same organization. The concepts of
digital representation and digital mediation can thus still be
used to describe how IT affords new forms of work practices
in the studied case. Further research needs to extend and
apply digital representations and mediations in other types of
settings and involving other types of IT-based practices. In
addition, while digital representations and mediations are
contemporary characteristics of the use of IT artifacts, the
fusion of IT and work is not always constituted through
entanglement of these figurations. Some practices are mainly
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produced through digital representations and others are
mainly produced through digital mediations. As such, we
suggest that digital representation and digital mediation
figurations afford researchers a strong conceptual foundation
to theoretically and empirically investigate the fusion of IT
and work.

Considering implications for management, although figu-
rations as observed in condition-based maintenance are quite
different from the norm, they remind us that IT and work
settings are far from homogeneous. Contemporary practices
rely on distributed work arrangements and complex portfo-
lios of technologies, often involving digital representation as
well as digital mediations. In such practices, the managerial
challenge is not so much to ensure the use of specific
technologies in distinct situations as to learn how they may
entangle to support business goals. This involves helping
diverse, distributed actors make use of a variety of technolo-
gies to coherently perform a work space and a shared work
arrangement.
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