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Purpose: The introduction of robots as value-adding ‘workers’ on the shop floor triggers complex
changes to manufacturing work. Such changes involve highly entangled relationships between
technology, organisation and people. Understanding such entanglements requires a holistic
assessment of contemporary robotised manufacturing work, to anticipate the dynamically emerging

opportunities and risks of robotised work.

Methodology: A systematic literature review of 87 papers was conducted to capture relevant themes
of change in robotised manufacturing work. The literature was analysed using a thematic analysis

approach, with Checkland’s soft systems thinking as an analytical framework.

Findings: Based on the literature analysis, we present a systemic conceptualisation of robotised
manufacturing work. Specifically, the conceptualisation highlights four entangled themes of change:
Work, Organisation of Labour, Workers’ (experiences) and the firm’s Environment. Moreover, we
discuss the complex patterns of interactions between these objects as relationships that defy

straightforward cause—effect models.

Originality: We present a novel approach to studying and designing robotised manufacturing work as
a conceptual system. In particular, the paper shifts the focus towards crucial properties of the system,
which are subject to complex changes alongside the introduction of robot technology in

manufacturing. Soft systems thinking enables new research avenues to explain complex phenomena at

the intersection of robotisation and manufacturing work.

Practical implications: The findings draw attention to complex interactions between robotisation and
manufacturing work. It can therefore inform strategic decisions and support projects for robotisation

from a holistic perspective.


https://doi.org/10.1108/JMTM-09-2022-0332

1. Introduction

The prevalence of robots in manufacturing has increased steadily over the last few decades, with the
operational stock of robots seeing a global annual increase of 14% between 2016 and 2021 (IFR,
2022). While the robotisation of manufacturing industries is not a new phenomenon, the accessibility
of robot technologies and the diversity of application areas have grown substantially. Collaborative
robots (cobots), in particular, are one of the fastest-growing robot technologies, with an annual

increase in installations of 37% between 2017 and 2021 (IFR, 2022).

Rapid technological changes introduced through increased robotisation bring opportunities but have
consequences for the organisation of work (Barrett et al., 2012), which is in line with the impacts of
digital technologies generally suggested by Parker and Grote (2022). Similarly, robotisation will
likely alter the structures of industries (Teixeira ef al., 2019) and thus the labour market in
manufacturing (Acemoglu and Restrepo, 2018). Consequently, significant changes in the role played
by the human worker in manufacturing can be expected, as robots will increasingly act as workers

rather than tools (Ford, 2015).

Robotisation projects often encounter unexpected difficulties once technology and human worker
meet. For example, Boeing had to abolish a multi-year, multi-million-dollar robotisation project, as
the new organisation of work between robots and humans resulted in more—rather than less—human
work and unacceptable quality issues (Gates, 2019). Another example is the reported 50% increase in
serious work-related injuries at the Amazon warehouses that employed automated robot solutions
(compared to those without for the period from 2016 to 2019), which led to concerns about increased

risks associated with robotised workplaces (Evans, 2020).

While these real-world examples highlight the importance to anticipate both planned and unexpected
effects of robotisation on manufacturing work, current research provides only a fragmented and
inconsistent picture of such effects. Some studies have found that robots reduce the number of jobs
(Acemoglu and Restrepo, 2017; Ni and Obashi, 2021), whereas others have reported on job numbers
rising alongside the growing degree of robotisation in manufacturing firms (Dixon et al., 2021) and
industries (Dottori, 2020; World Economic Forum, 2018). In terms of worker well-being, studies have
reported decreasing happiness following perceived job insecurity after robotisation (Stankevicitité et
al., 2021) while others have found that workers feel positively empowered by their new robotic
colleagues (Lei, 2022). Moreover, while some studies have reported on the need for an increasingly
skilled workforce with enhanced digital and cognitive skills (Romero et al., 2016), others have
discussed the polarisation in job roles, with a rising demand for unskilled workers on the robotised
shop floor (Dixon et al., 2021; Weiss et al., 2021). Thus, various authors have discussed potential
mediating, moderating or correlating factors that may explain contradictory findings. For example,

Dixon et al. (2021) and Leigh et al. (2020) discussed the potential effects of labour laws and economic



development on job numbers in the robotising industries. In terms of worker well-being, the role of
sociodemographic factors, such as age or gender (Stankevicitité et al., 2021), or the family context
(Lei, 2022) in workers’ emotional responses to robotisation have been considered. However, the

emerging picture is a complex one that likely defies modelling based on cause—effect relationships.

The increasing prevalence of cobots adds further complexity to the interactions between workers and
robots. In their discussion of the cobot literature, Weiss et al. (2021) pointed to new safety risks
associated with a shared physical space and highlighted the need for new modes of planning and
executing work with a responsive and adaptive cobot. Thus, cobots can trigger fast and far-reaching

yet hard-to-predict changes to manufacturing work.

The characteristics of problems associated with designing and managing the robotisation of
manufacturing work are thus similar to the characteristics of ill-structured problems that Rittel and
Webber (1973) called ‘wicked’. Wicked problems are impossible to capture as a whole (Farrell and
Hooker, 2013) or optimise (Checkland and Poulter, 2010). Rittel and Webber (1973, p. 160) argued
that for such problems, the paradigm of science-and-engineering falls short, as this paradigm
conceptualises the issue as an optimisable and predictable system rather than as an ambiguous open

social system.

However, current research on the robotisation of manufacturing work has predominantly focused on
the quantifiable relationships between robot technology and concrete aspects of manufacturing work,
such as workers’ cognitive load (Kuz et al., 2018), the number and types of jobs (e.g. Dottori, 2020;
Leigh et al., 2020) or the optimal distribution of tasks between workers and robots (Bénziger ef al.,
2020). However, if we were to consider the design and management of robotised work in
manufacturing as a wicked problem, we need to adopt a holistic perspective that helps to broaden the
perspective rather than narrow it to a few causal relationships, given the high complexity, social

embeddedness and multitude of stakeholder perspectives involved.

Soft systems thinking (Checkland, 1985; Checkland and Poulter, 2010) offers such a holistic
perspective enabling inquiries into and designs for wicked problems. Checkland’s notion of soft
systems thinking, presented in his work as a distinct paradigm for exploring systems (Checkland,
1985, p. 764), proposes looking at the entanglement of organisations and technology as an ‘adaptive
whole’ (Checkland, 2012, p. 469). Soft systems thinking thus aims to conceptualise the system not
based on its objective features (e.g., hierarchies, modules, or roles) but based on themes and concepts
that help to think about the phenomenon and the patterns of interrelation between these themes.
Applied to the phenomenon of robotised manufacturing work, this work explores the themes of

change to which practice and research pay attention, as well as the co-evolution of these changes.

Therefore, the purpose of this study is to develop a holistic perspective on robotised manufacturing
work based on the notion of interrelated but non-determinant patterns of change. Following a
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systematic literature review, we first outline the central themes of change understood as topical areas
that are the focus of the research on robotised manufacturing work. From the literature, we then
identify links between those themes of change as patterns of interaction. The emerging picture of the
deep entanglement between the themes of change and the patterns of their interactions allows us to
formulate new research directions following a systemic conceptualisation. Furthermore, it allows us to
provide a promising alternative to the dominant engineering-and-science paradigm. Presenting soft
systems thinking as essentially pragmatic, we discuss how the findings can inform practices related to

the design and management of robotised manufacturing work.

2. Robotising Manufacturing Work: A Wicked Problem

We broadly define manufacturing work as intentional human activities directly related to the
production of physical goods.' Thus, our focus is on what shop floor workers do in a physical
production environment, recognising that such work is ‘organised’ through both explicit structures

and informal routines (Feldman and Pentland, 2003).

Furthermore, we understand robot technology—also referred to as ‘robots’ in this paper—as
‘automatically controlled, reprogrammable multipurpose manipulator, programmable in three or
more axes, which can be either fixed in place or mobile for use in industrial automation applications’,
following the definition presented by the International Federation of Robotics (IFR, n.d.). We delimit
that definition to robots that are capable of interacting with the environment. Moreover, this study is
only concerned with robots executing value-added manufacturing tasks and robots that are capable of
automatic operations. This definition excludes automated guided vehicles (AGVs), which are solely
used for (non-value-added) transportation, and exoskeletons and telerobots that cannot operate

independently of human control.

Following this definition, robots can be flexibly deployed for numerous tasks and are not necessarily
limited to predefined purposes. Hence, robots are, to some degree, flexible tool users rather than tools
themselves, setting them apart from less flexible technologies (Ford, 2015). While digital tools may
offer similar task flexibility, they do not incorporate the material aspect of robots, that is, the ability

for physical ‘doing work’ (Phan ef al., 2017, p. 253).

The study of robotised manufacturing work thus needs to pay particular attention to the characteristics
of robots, such as their increasingly worker-like role in manufacturing, their physical materiality and
the relationships that seem to develop between humans and robots. These characteristics create a
complex web of interdependencies between robot technology, manufacturing work and human

workers. This web is characterised by numerous dynamic interactions, in line with the complex

! This narrows the generic dictionary definition of work as ‘activity in which one exerts strength or faculties to
do or perform something’ (Merriam-Webster).

4



interrelations that Zammuto et al. (2007) suggested existing between general digital technologies and
organisations. Furthermore, the robotisation of manufacturing often follows strategic objectives and is
thus exposed to the common strategic ambiguity concerning objectives, their interpretation and

priorities (Abdallah and Langley, 2014).

The design and management of effective robotised manufacturing work is thus akin to the types
challenges that Rittel & Webber (1973) characterised as ill-structured or ‘wicked’ problems. Such
problems are characterised by ambiguity, information deficiencies and dynamic interrelations and are
impossible to solve when considered an optimisation problem (Dekkers, 2017, p. 85). Instead, they
require a different problem-solving approach guided by learning (Checkland and Poulter, 2010;
Larsen et al., 2023). Yet, the extant research on the robotisation of manufacturing work investigates
causal effects rather than an entangled whole, thus follows a ‘science-and-engineering paradigm’

which Rittel and Webber (1973, p. 160) suggested as unsuitable for such problems.

To appreciate the complexity of the challenge in both research and industrial practice, a different
perspective that holistically captures the entanglement of robot technology and manufacturing work is
required. Such a holistic conceptualisation allows for the formulation of novel research propositions
and serves as a basis for contextualised design in practice. Thus, our research aims to create a holistic

perspective on robotised manufacturing work based on the notion of interrelated patterns of change.

Checkland (1983, 2000) suggested that soft systems thinking as particularly suitable for addressing ill-
structured problems holistically. Soft systems thinking seeks systemicity in thinking about the
problem; it aims to structure a problem around concepts that experts use to systematise their thinking,
rather than around real-world objects or units (Checkland, 1999). Soft systems thinking consequently
adopts a paradigm that differs from other systems theories on the interplay between technology and
organisations (McMahon, 2022), most notably the socio-technical systems theory (Appelbaum, 1997;
Trist and Bamforth, 1951).

The first paradigmatic difference is related to epistemology—that is, what can be known and learnt
about a phenomenon. Socio-technical systems presume the objective existence of parts of the system
and their relationships in the real world. Thus, socio-technical systems structure the analysis around
‘aggregation strata’, such as organisational roles, units, hierarchies or technical modules. Analysis of
such systems focuses on describing the real-world boundaries, relationships and characteristics of
these units. Commonly, the identity of these system components is described through their functional
or internal autonomy, concepts that have also been discussed in the study of organisations as social
systems (Morgan, 1981). In contrast, the soft systems methodology does not presume the systemicity
of the world but merely aims to develop a useful representation of a complex reality through
explanatory ‘layers’ (Checkland, 1999, 2012) that do not necessarily represent real-world structures.

Thus, the conceptual models developed through soft systems thinking serve only as devices to



structure the exploration of an otherwise ill-structured problem (Checkland, 2000, p. S26). They
create meaning in a chaotic reality (Mingers, 2006), or in the words of Beer (1966, p. 243), ‘permit an

interpretation of what might otherwise be a meaningless cavalcade of arbitrary events’.

The second paradigmatic difference relates to the notion of how a systems view can contribute to the
design of work in organisations. Following the notion that ‘soft systems’ are related to ‘soft
problems’, soft systems thinking supports an iterative learning approach where the focus is on
problem understanding rather than problem solving (Checkland, 2000). In contrast, the focus of socio-
technical systems is solution oriented, with an aim to enhance work performance through a design

process called ‘joint optimisation’ (Fox, 1995).

3. Methodology

Following the above reasoning, we propose that soft systems thinking is a suitable paradigmatic
choice for exploring ill-structured problems, such as the complex interrelations between robot
technology and work in manufacturing. It allows for the development of a generic conceptual map of
possible interdependencies, which can provide a basis for localised analysis and the design of

interventions.

To support our overall purpose of developing a holistic perspective on robotised manufacturing work
based on the notion of interrelated but non-determinant patterns of change, we approach the literature
thus with the following question: What are themes of change discussed in the literature, and which
patterns or interaction between these themes are presented in the literature on robotisation of

manufacturing?

We presumed that the expert knowledge necessary to construct the conceptual representation was
already present during the decades of research on robotisation in manufacturing, albeit fragmented

and unstructured. Thus, we engaged with the literature through thematic analysis (Terry et al., 2017),
using Checkland’s (1999) core systems concepts as an analytical framework. As a conceptual study,
we determined saturation of the sample based on whether it was sufficient to reach ‘theoretical
saturation’ (Glaser and Strauss, 1970) in our analysis. That is, we determined the representativeness of
our sample not following the question whether we could discover more studies on the topic, but rather
whether further studies would likely add to the conceptual development. Figure 1 outlines the

selection process for the sample.

3.1. Scoping, Structured Literature Sampling and Screening
The scoping concerned a) the definition of keywords, search terms, sources and periods and b) the

development of inclusion and exclusion criteria (Tranfield et al., 2003).

Three of the authors screened the abstracts based on the following four exclusion criteria:



(1) Is the manuscript written in English?
(2) Is it concerned with manufacturing or production?
(3) Is it explicitly concerned with robotics (as defined in Section 2)?

(4) Is the research directly concerned with human work in manufacturing?

We then reviewed the first sample’s shortlisted papers (126 papers) through a series of categorisations
and open-ended questions (Supplementary file, Part A). The papers were coded for type of robot
technology, types of changes and research methodology. The full-text screening led to the further
exclusion of 49 papers from the first sample, as the papers were either unavailable or, on reading of
the full text, were not specific to manufacturing, robot technology, work or change properties. This

initial coding and structuring also allowed for familiarisation with the data.

=== INSERT FIGURE 1 ABOUT HERE ==

3.2. Coding, Analysis and Model Development
A thematic analysis of the remaining 77 papers in the first sample was conducted, starting with an
inductive bottom-up approach (Terry ef al., 2017). For the analysis, these steps inspired by the Gioia
methodology were followed (Gioia ef al., 2013):

e First, we created structured summaries of the papers to capture their main findings or
arguments in relation to instances of change and suggested interrelations between aspects of
change.

e Second, we coded in these summaries occurring mentions of types of change, such as ‘fewer
accidents’, ‘new skill requirements’ and ‘new roles’, as first-order concepts (the lowest level
of the data structure in the Gioia methodology). This represents our operationalisation of
‘emergent properties’, which are, in soft systems thinking, a core concept relating to
properties that make the ‘whole entity “more than the sum of its parts”” (Checkland, 1999, p.
50). In line with Georgiou’s (2003) general definition of emergent properties, such attention
to particular changes following robotisation highlights those specific properties that give
identity to the considered system.

e Third, following the Gioia methodology, we engaged in several iterations of discussion to
generate abstractions of these first-order codes as sub-themes, second-order themes and
aggregate dimensions (similar to the process of recursive abstraction). We organised the
aggregate dimensions as four different themes of change, capturing the underlying second-
order themes (Table 1). The aggregate dimensions are work that is executed in manufacturing,
the worker as an individual person, the organisation of labour as how companies structure
work through jobs and roles, and the environment (i.e. demographics and the regulatory and

economic environment).



e Fourth, we used these findings to discuss patterns of interaction between the themes and
aggregate dimensions. Following the concept of ‘processes of communication and control’
(Checkland, 2012), our discussion of the data aimed to identify patterns or processes through
which the system automatically or deliberately adapts to internal and external conditions or
initiates change. We thus structured the conceptualised subsystems as a holistic, entangled
system and discussed the patterns of interactions following insights from the systematic
literature review. To support the analysis, we represented the co-occurrence of different
themes as a matrix that served as the data basis for graph network, visualising the frequency
8ccurence of individual themes and the co-occurrence of themes (Figure 2; Supplementary

file, Part B).

3.3. Establishing Validity and Theoretical Saturation
Throughout the screening and coding, we ensured validity through double data extraction (Tranfield
et al., 2003) of a subset of the sample (see Supplementary file, Part A). The data were coded and

reviewed in collaboration to ensure alignment.

We tested for theoretical saturation (Glaser and Strauss, 1970) of our sample by coding an additional
set of 10 relevant manuscripts (obtained through Web of Science) against the developed data
structure. The additional data did not mandate changes to structure second-order themes and

aggregate dimensions but yielded three new first-order concepts (these are marked with an asterisk in
Table 1)).

4. Entangled Changes in Robotising Manufacturing Work

Before developing a holistic view of robotised work in manufacturing, we first introduce the
aggregate dimensions that we formulated based on our analysis. The identified aggregate dimensions
are four themes of change: work, organisation of labour, worker and environment. The aggregate
dimensions entail several second-order themes and sub-themes (aspects of change) that have been

discussed in the literature (Table 1).

=== INSERT TABLE 1 ABOUT HERE ==

4.1. Changes to Human Work
The introduction of robots typically relates to deliberate changes to the physical tasks executed by
human workers, especially regarding the nature or way these tasks are carried out. This change is
often motivated by desires for efficiency, particularly when it comes to repetitive tasks, such as the
screwing or welding of standard products. Additionally, robots have taken over strenuous physical

tasks, such as rotating heavy objects during assembly or tool use in hard-to-access places, to reduce



the amount of less ergonomic human work, which can also result in novel designs for human—robot

workspaces using cobots.

Following this altered division of labour on the shop floor, the coordinative tasks for both shop floor
workers and their supervisors shift. For industrial robots designed for specific tasks and confined in
cages, such coordination has to do with the monitoring and control of the robot and the planning of
the human work surrounding the caged robot. Thus, the coordination of the robot’s work falls in line
with the classical worker—supervisor dichotomy, where the human instructs the robot and oversees
work execution. However, Weiss et al.’s (2021) review of the literature on cobots in manufacturing
noted a change to this dichotomy towards more collaborative interaction, where humans and robots
have formed teams. Braganca et al.’s (2019) unstructured literature review concluded that through
adequate coordination of task allocation, humans’ coordinative capabilities—their creativity,
cognitive flexibility and unique experiences—are complemented by a robot’s superior strength,
stamina and consistency. This collaborative interaction may further allow the deployment of robots

for tasks within highly flexible work environments.

With the shift towards more collaborative interaction, the nature of the communicative tasks also
changes. For industrial robots, communication between humans and robots mainly concerns
mechanistic interactions through specialised programming environments and reports from the robot.
Collaborative work environments enhance the need for immediate and intuitive two-way
communication, allowing real-time flexible task allocation and supporting less tech-savvy workers.
Consequently, intuitive communication modes, such as natural language or gestures, have become
relevant topics of study to promote technological advances. Similarly, we find increased importance
of the human workers’ ability to understand and anticipate a robot’s intentions and upcoming actions

based on their haptic or visual cues, to avoid collisions and accidents.

The introduction of robot technology also creates a range of novel digital tasks and activities for
purposeful interaction with digital technologies. These tasks span from new, specialised activities
related to systems design, mechatronics and programming to changes to existing tasks regarding

controlling the machinery, maintenance or quality management.

Thus, the 56 papers that discussed aspects of robotised work provide insights into the shift in human
work in manufacturing beyond the mere decline of physical tasks resulting from robotic automation.
Specifically, our analysis highlights that the design of work in a robotised manufacturing setting needs
to account for new or changed coordinative, communicative and digital tasks. These changes in the

nature and constellation of tasks are relevant to the design and optimisation of manufacturing



processes and workflows, where the reviewed literature focussed only on the planning of physical

tasks (See supplementary file, Part C), thus creating a relevant research gap.

4.2. Changes to the Organisation of Labour
The shift in tasks leads to adjustments in the organisation of labour, such as changing the numbers and
types of jobs in individual manufacturing firms and the skill profiles for these jobs. These shifts also

affect working conditions.

The introduction of new technology often raises concerns about a decreasing number of jobs, which is
also referred to as ‘labour displacement’ (see Acemoglu & Restrepo, 2017). While contemporary
research and public discourse mainly attends to the undesirable effects of labour displacement, early
authors like Nof (1999) - building on Asimov’s laws of robotics - suggested that robots should replace
workers on jobs for safety and economy. Yet, evidence regarding the effect of robotisation on the
overall number of jobs at the individual firm level is inconclusive. This was highlighted by Dixon et
al. (2021) who discussed their own findings drawn from Canadian national labour data on firm-level
effects of robot investments on jobs against the literature. However, we found that shifts in the types
of jobs and the resulting changes in the workforce composition have garnered increasing attention.
Despite earlier conceptual arguments that robotisation would lead to the decline of low-skilled jobs
(Romero et al., 2016), Weiss et al.’s (2021) review of the cobot literature found an indication of the
polarisation of jobs based on skill level. At the ‘low-skill’ pole, unskilled workers may carry out
manual tasks that require no skill or experience to complete and are unsuited for robots. Jobs at the
‘high-skill’ pole may increase in importance, as they require a distinct digital skill profile related to
the design, programming or maintenance of cyber-physical systems. Additionally, Dixon et al.’s
(2021) study of Canadian labour data noted a decline in middle management as workers were

assigned more decision autonomy.

Concomitantly, the skill profiles of jobs on robotised shop floors are changing. These skill profiles
encompass both hard skills, such as technical knowledge and competences needed for the design and
operation of robot technology, and soft skills, such as creativity, flexibility and problem-solving.
However, studies that have explicitly mapped these new skill profiles have usually based their
findings on the opinions of managers or experts (e.g. Jerman et al., 2020; Kannan & Garad, 2021), or
analysed competencies mentioned in job listings (Li ef al., 2021). They have failed to investigate the

actual skill profiles of workers in robotised work environments.

A change in job profiles at the organisational and industry levels may also affect work conditions,

such as pay, work hours or tenure. However, such effects are likely to be mediated by contextual
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factors. For example, Cho and Kim (2018) analysed Korean labour data to determine the effects of
robotisation on wage and work hours, finding significant effects on size, level of worker unionisation

and complexity of production work.

The 38 reviewed papers discussing aspects of the organisation of labour within robotised firms thus
show a complex picture concerning which changes may occur in a concrete context. While automation
through robots indeed can and will render certain jobs obsolete, not all industries and production
systems — especially those with high variation of tasks - will see a clear benefit from replacing human
workers with robots. Moreover, robotisation may merely mean a shift from workers executing manual
work to work that assists, instructs, monitors or maintains the robot. Thus, the job profiles and
associated required skills will change. This change would not only demand more proficiency in digital
skills but also skills related to problem-solving, flexibility, creativity and autonomy, as shop floor
workers may be handed a broader scope of decision-making responsibilities. This shifting demand for
advanced personal and cognitive skills can put pressure on workers and employers alike. Similarly, a
more systematic consideration of future job (role) designs could enhance the quality of discussions

regarding future skill needs.

4.3. Changes in Workers’ Experiences
The changes concerning workers’ tasks and how their work is organised may, in turn, also alter their
physical and affective experiences. The physical experience concerns the effects of labour on a
worker’s body. Robotisation can serve to reduce physical strain by automating repetitive, non-
ergonomic or hazardous tasks. Laboratory-based experimental studies, such as Colim et al. (2021),
have provided evidence of improved ergonomics through workstations with cobots, finding that they

reduced the mechanical load on the human body.

Moreover, the introduction of robots on the shop floor changes the risk of accidents. These changes
can mean either reducing exposure to accidents when using robots in dangerous work situations or
introducing novel risks associated with a robotised workplace. Preventing these novel accidents
becomes an even more crucial task as cobots start to share physical workspaces with their human
collaborators. The literature review conducted by Gopinath and Johansen (2019) highlighted the
importance of situational and mode awareness as a factor in reducing the risk of collisions and

accidents, which relates back to the novel communication tasks between human workers and robots.

Regarding workers’ affective experience, the literature recently showed a stronger focus on diverse
factors shaping workers’ emotional well-being than physical well-being. Specifically, the literature
has covered both experience within a robotised workplace and workers’ anticipation of a robotised

workplace. A robotised workplace can shift the levels of stress or cognitive load experienced by

11



workers. Specifically, Moniz (2015) conceptualised the importance of reducing cognitive load
through more intuitive interactions and predictable robot behaviours. They noted that cognitive load is
an important design parameter for ergonomic robot systems, as it ‘interferes with the task
performance and with operational safety’ (ibid., p. 68). Beyond the objectively conceptualised
dimensions of cognitive load, the robotisation of manufacturing also influences subjective experiences
across the human affective spectrum. Regarding the subjective experience of an already robotised
shop floor, Moniz (2015) and Weiss et al. (2021) highlighted the role of trust in the robot’s behaviour

as a factor influencing affective experiences.

Concerning the anticipation of a to-be-(more)-robotised workplace, a particular theme of interest is
job-loss anxiety and its possible effects on job satisfaction or happiness at work. The literature has
indicated that numerous factors could influence the level of individually experienced job-loss anxiety.
Lithuanian furniture manufacturers and found significant effects of demographic factors, such as age
and gender (though not education or tenure), on perceived job insecurity. Furthermore, they
postulated (ibid., p. 1563) that the current degree of robotisation in the industry and the general
economic context may influence subjective experiences of job insecurity. Lei’s (2022) interview study
of 65 unskilled Chinese manufacturing workers further considered social context, such as dependent
children, as a potential explanation for the different experiences of job-loss anxiety. Adopting a
sociological perspective, Barker and Jewitt’s (2021) ethnographical study of two robotised
manufacturers highlighted that workers also experience a shift in perceived identity. Rangraz and
Pareto (2021, p. 20) suggested that such a shift of identity from skilled craftsmen to novice robot

operators also altered the workers’ sense of belonging and, in turn, well-being.

In summary, the 43 papers that discussed workers’ experiences show a complex pattern of physical
and affective experiences. The literature shows that either types of experiences can be positively or
negatively affected by the introduction of robots, as guided by several contextual factors that merit
closer investigation. Negative physical effects (risks to health and safety) are typically addressed
through safety standards and regulations (see Chemweno et al., 2020). However, the untangling of the
more complex roots of both positive and negative affective experiences requires novel approaches that

we did not encounter in the reviewed literature.

4.4. Changes in a Firm’s Environment
The previously reported changes in a firm’s labour composition alter the supply and demand of labour
within markets. However, these effects are influenced by several environmental conditions, such as

labour laws, economic development and demographics.
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The findings of studies that analysed employment data on the statistical effects of robotisation on
overall employment in the industry are heterogeneous. Leigh et al. (2020, p. 79) thus suggested
grouping this literature based on whether it treats ‘robots-as-status-quo’ and ‘robots-as-displacers’.
The former refers to studies reporting a neutral or slightly positive effect on employment (in our
sample: Cho and Kim, 2018; Dauth et al., 2018; Dixon et al., 2021; Dottori, 2020; Kariel, 2021). The
latter refers to studies that report a negative effect (in our sample: Acemoglu and Restrepo, 2017,
Borjas and Freeman, 2019; Ni and Obashi, 2021). To explain the heterogeneity, some authors have
suggested that the stronger labour protection laws in Italy, Germany or Japan, for example, contribute
to a lower displacement of labourers. However, for the less restrictive UK labour market Kariel
(2021) reported also only insignificant effects of robotisation on net employment, while Ni and
Obashi (2021) contradicted Adachi’s (2020) finding for the Japanese market, reporting negative
effects on overall employment. Moreover, Dixon et al. (2021) and Adachi (2020) argued that
employment is causally linked to robotisation and instead suggested that employment and robotisation
may be correlated outcomes of general economic development. Additionally, policies and incentives
may shift the economic rationale for robotisation, which can alter the effect of robotisation on

employment.

In addition to the total number of available jobs in the market, robotisation can also influence who can
assume certain positions; thus, employment becomes linked to the demographics of its labour market.
Robots can reduce the need for physical strength, so they may open certain jobs to new groups of
workers. Similarly, some robots may lower the necessary skill or experience level required to
complete specific tasks, as robots or other augmentation systems can guide and instruct workers. By
increasing the adoption of robot systems with a lower need for digital literacy, employers can
potentially broaden the pool of workers from which they can recruit to meet their needs. Yet, given
the previously discussed more nuanced skill profile required for jobs in robotised industries,
employers are also likely to encounter labour shortages, not only for high-skilled technicians but also
for sufficiently digital-savvy operators or workers willing to assume jobs with higher demands for
flexibility, autonomy and responsibility. This may lead to a division between workers who can
understand and adapt to new requirements, thus strengthening their position in the labour market, and

those who cannot.

Adopting a similar view on differentiated effects on various demographic groups, other studies have
explored the effects of robotisation on specific demographics. For example, Borjas and Freeman’s
(2019) analysis of 15 years of cross-industry US labour data reported the negative effects of
robotisation on the employment of immigrants, female or low-skilled workers. Dottori’s (2020)

analysis of 23 years of individual career patterns for more than 157,000 Italian manufacturing workers
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found a positive effect of robotisation for those workers already employed in certain sectors but also a

decline in new workers entering the sector.

In summary, the 19 papers that discussed a firm’s environment showed that robotisation can induce
different changes to the labour market with which the firm interacts, resulting in both job depletion
and creation. Although robotisation may lead to a scarcity of sufficiently highly skilled workers, a
broader worker demographic may be unlocked, which in turn can mitigate some of the labour
shortages seen today. Moreover, contextual factors, such as the regulatory environment for labour and
labour safety, and economic trends play a role in how robotisation leads to changes in manufacturing

work.

5. A Soft Systems Conceptualisation of the Robotisation of Manufacturing
Work

Based on the review of the literature, we have introduced the idea of different themes of change—
conceptual areas in which relevant changes happen concomitantly with the introduction of robot
technology. Within these themes of change, we have described concrete sub-themes of particular
interest to research and practice, to which change happens, such as the physical or emotional well-
being of workers, definitions of tasks, jobs and roles, or competences and skills required in a robotised
industry. In accordance with the initially suggested complexity or entanglement of changes, we noted
that many of the themes were discussed in relation to other themes across the literature. Figure 2
shows the observed connections between the themes, illustrated as a graph network. Each theme

represents a node, and the observed patterns of interactions are represented as lines.
=== INSERT FIGURE 2 about here ===

Patterns of interaction relate to changes happening concomitantly across different sub-themes.
Following soft systems thinking, we describe such patterns of interaction through descriptive verbs
(Checkland and Poulter, 2010), acknowledging that there might be bidirectional interactions or loops
of interactions. As a simple example, while new digital tasks can shift skill and competence
requirements for specific jobs, the available competences and skills within an organisation (or
workers’ motivation to acquire such competences) can, in turn, influence the technological choices

and the resulting digital tasks necessary to operate the robot.

Table 2 provides an overview of the most salient patterns of interaction among the themes. Given the
previously discussed complexity and contextual dependency of these patterns of interaction, these
examples are neither exhaustive nor generally applicable. In many cases, they also only indicate an
effect without specifying the direction of the effect, reflecting the heterogenous findings presented by

the reviewed literature, such as the discussed contradicting findings on the effects of job number, skill
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profiles, or workers’ physical and emotional well-being. However, as illustrated, they are suitable for
triggering further exploration enriched through practical expert knowledge related to the concrete

industry, firm or production site.
=== INSERT TABLE 2 ABOUT HERE ===

To illustrate the complex interdependencies, we consider a specific example of broadened job
responsibilities (‘job enrichment’). While job enrichment is typically considered desirable for
workers, holistic considerations pay attention to the interrelations between shifting job profiles and
workers’ experiences. Specifically, soft systems thinking draws attention to instances where
enrichment may result in undesired levels of responsibility (Rangraz and Pareto, 2021) or changes to
tasks that were identity creating for workers (McMeel, 2021) and thus also lead to negative
experiences. Similarly, depending on their professional or social context, not all workers perceive the
broadening of the required skills for their jobs to be positive; instead, they may feel threatened by the
requirements (Chin ef al., 2019). Thus, what may be intended as desirable job enrichment can
negatively affect workers’ (perceived) opportunities in a job market, their attitude towards robot
technologies, the manners in which they interact or their willingness to build up skills, which may

affect safe and effective robot—human collaboration.

5.1. Implications for Research and Practice
Soft systems thinking provides a different perspective to think about the phenomenon of robotised
manufacturing work. Owing to the constructivist foundations of soft systems thinking, this approach
cannot and does not seek to offer generalizable truths about concrete effects of robots on
manufacturing work. This work therefore cannot give any conclusive answers to pressing questions of
the robotisation literature, such as: What happens to the number of jobs? How does worker wellbeing
change? How much more efficient is robotised manufacturing? The answer is always: it depends. Our
review has shown that the factors on which it may depend are numerous, and by far not fully known
or understood. Research following the science-and-engineering paradigm is likely to uncover more
factors and more dependencies in the future, yet given the ‘wickedness’ of the problem, will always
retain blind spots. The conceptualisation as a soft system enables both researchers and practitioners to

navigate these inevitable blind spots in the following way.

For research, this conceptualisation enables, first, novel theorising and subsequent theory testing of
the interdependencies for which findings in the literature—based on causal models—are inconclusive.
For example, soft systems thinking allows us to formulate new propositions about how technological
choices and innovations are embedded in interrelating factors concerning a firm’s current workforce,

existing tasks, the surrounding labour market, and related regulations. However, given the emergent
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complexity of the propositions and the consequent difficulty in controlling for and measuring distinct
variables, a suitable research approach could be Van de Ven’s (2007) engaged scholarship approach.
Specifically, the model may inform research by following an action research approach (Coughlan and
Coghlan, 2002) or help structure and evaluate design science research in the formative phase of

research (Venable ef al., 2016).

Second, this conceptualisation emphasises the relevance of studying loops rather than linear causal
chains and allows for the identification of potentially self-amplifying interactions. Following the
notion of loops, the offered conceptualisation also emphasises the temporal dimension of
interdependencies. Studies could follow the development of these changes over time, both
quantitatively through time series and qualitatively by exploring the underlying dynamics through

process studies (Langley et al., 2013).

Third, future work could enrich the conceptualisation by considering certain internal drivers within
the robotising firm that our model did not capture. For example, we did not consider manufacturing
capabilities, which could explain the dynamics and outcomes of different system configurations
(Banker et al., 2006). Moreover, we did not assess the effects of interactions on firms’ specific criteria
for evaluating the success of their robotisation initiatives — which can range from improved
performance metrics to more ambiguous expectations like learning and strategic positioning. The
enrichment of the conceptualisation could also elucidate the role of different drivers of robotisation on
outcomes for manufacturing work. Future refinements could also focus on the sub-themes of the robot
technology itself, an aspect on which our review did not focus. By developing a set of central
properties, such as the technology’s flexibility, sensing abilities or physical characteristics, the further
conceptualisation can accommodate the interdependencies of characteristics of different robot
technologies. For practice, the conceptualisation as a soft system allows reflection on robotisation as
one of many interrelated enablers of successful strategy implementation. Thus, it allows us to discuss
robotisation not as a distinct strategic objective but as a means that only in the right configuration—
together with strategic choices for location, production portfolio, employee development, process
organisation and so forth—enables the achievement of specific goals related to efficiency, quality and
other factors. Moreover, it visualises the complexity of robotisation and can facilitate discussions
about internal and external uncertainties related to technological change. The soft systems
conceptualisation can thus inform and support strategy tools, such as Van der Heijden’s (2005)

Scenario Thinking.

Second, the conceptualisation offered can serve as a starting point for the application of the soft
systems methodology in concrete robot implementation initiatives. Following Checkland’s suggestion
that ‘hard’ systems thinking is complementary to soft systems thinking (Checkland, 1985, p. 765), the

representation as a soft system can guide practitioners to explore the challenge of robotisation
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holistically and identify concrete risks and opportunities that merit closer exploration through hard
systems thinking. Thus, the linkages between the properties may be used as triggers to ask: ‘How may
X affect Y in our context?’, to formulate hypotheses, and to evaluate the concrete relations and effects
in the local setting. This conceptualisation can also inform more holistic evaluations of robotisation
opportunities and guide learning-oriented design and organisational change processes around a

concrete robotisation project.

5.2. Limitations
A limitation of this study is the nature of the data used, specifically: academic literature. While we
would expect that academic research on the management of manufacturing technology closely follows
the central challenges of practice, there might be biases. First, our sample might be prone to
researcher bias, concerning the selection of topics worthy of research by the researchers in the field
and, secondly, publication bias, concerning the selection of findings worthy of publication. Thus,
certain themes of change, which could be of relevance might have been absent in our sample.
Discussion of the findings with a panel of practitioners could have been used to further validate the

thematic completeness of the findings.

Second, as a qualitative study, relying on thematic interpretation through the researchers, there is a
risk of bias in these interpretations. However, as a team of researchers with diverse backgrounds, and
challenged by our reviewers and the editorial team, we have rigorously questioned and refined the

interpretations that informed our analysis and discussion.

Third, as a study interested in conceptualising, rather than quantifying, our method has not
systematically considered the quality of evidence in the research serving as our sample. “Quality of
evidence” has been a topic of discussion in our analysis which we have operationalised as strength of
the methodology (see also Supplementary File, Part D). While this approach is less suitable for the
generation of hypotheses and predictions, it is, however, fitting the intent of the study, to categorize

and conceptualize.

6. Conclusion

Technology, work and organising are deeply entangled, which can render the introduction of novel
technologies, such as cobots, to be an uncertain adventure rather than a well-planned change. To
facilitate the navigation of these uncertainties, we proposed a holistic conceptual view of the
entangled interactions between technology, work, workers and organisation of labour as embedded in
their economic and demographic environment. This conceptualisation can serve at the organisational
level to better anticipate and manage the complexities of robotisation. Moreover, it may inspire future
research that understands robot technology as an entangled part of a complex whole. All these are

expected to contribute to the value-creating adoption of robots in manufacturing environments.
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Eligibility

| Included | |

First sample (theory development)

Articles, books and book chapters
identified through Scopus
(n=1,105)

Search String:
(Robot* OR Cobot) AND (Manufactur* OR
production) AND (work* OR labor OR labour OR
job OR human)
Source Type: Journals, Books, Book Chapters
Subject Area:
Scopus: Business, Management, and Accounting;
Social Sciences
WoS: Operations Research; Management
Science; Management; Business; Social Sciences

Second sample (test for theoretical
saturation)

Articles, books and book chapters
identified through Web of Science
(n=267)

h 4

Duplicates from first sample (n = g8)

o]

Abstracts kept after removing
duplicates (n=169)

Abstracts assessed for eligibility
(n=126)

Abstracts excluded (n =1,138)

* Not available in English (n = 107)

+ Not specific to manufacturing (n = 547)
* Not specific to robots (n = 108)

* Not specific to work (n=376)

h 4

lt—|

Abstracts assessed for eligibility
(n=14)

Full-texts assessed for eligibility
(n=77)

Full-texts excluded (n =53)

* PDF not available (n= 29)

+ Not specific to manufacturing (n=8)
* Not specific to robots (n = 6)

* Not specific to work (n = 6)

+ No focus on change properties (n = 4)

h

Full-texts assessed for eligibility
(n=10)

Full text included for thematic
analysis (n=77)

Full text included for test of
theoretical saturation (n =10)

Figure 1. Flow of the structured literature sampling and screening process following the PRISMA statement (Liberati et al.,
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2009).
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Figure 2. Co-occurrence of themes in the reviewed literature (size of bubble indicates frequency of individual theme and

thickness of connecting line indicates frequency of co-occurrence within the same article in the sample; see Supplementary

file for underlying data).
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Table 1. List of themes, subthemes and variables identified in the literature analysis (The numbers in parentheses refer to the

reference in the full list of works reviewed, which is given in Supplementary file, Part C; Variables marked with an asterisk

have been added during the test for theoretical saturation.)

Themes Sub-themes Variables of change (within sub-themes; first-order codes)
< Physical Distribution of manual labour e Degree of automation [1]-[4]
;" Tasks e Degree of interactive collaboration between humans and robots
[51-[14]
e Type of robotised physical tasks [13], [15]-[26]
e Degree of robotic support/augmentation in execution of human
physical work [27]
o *Level of abstraction of remaining physical work [28]
Physical organisation of the e Degree of physical separation between workers and robots [19],
workspace [201], [29]-[33]
e Design characteristics of shared workspaces [6], [10], [15], [30],
[34], [35]
Coordinative ~ Planning of work e Approaches to allocating work [2], [17], [36]
Tasks e Approaches to planning for safety [37]-[41]
e Approaches to planning for synergies [9], [10], [23]
e Approaches to planning for efficiency [3], [11], [42]
Flexible reallocation of tasks e Ability to instruct robot flexibly during collaboration [6], [10],
[13], [43]
Supervision and control of o Types of control tasks [25], [44]
robotic work o *Ethical responsibilities of the planner/workplace designer [45]
e *Modes of instructing human/robot collaboration [45]
Communi- Instructing the robot e Mode of (human) communication (language, motions and
cative Tasks gestures) [12], [43], [46]-[48]
e Intuitiveness of instruction form [24], [49], [50]
Bidirectional communication e Degree of shared situational understanding between human and
between human and robot robot [5], [6], [8], [10], [14], [29], [30], [48], [50], [51]
e Degree of instructions or recommendations given by robots [10],
[29], [52]
e Modes of bidirectional communication—auditory, text, visual
and tactile [5], [13], [53]
Digital Tasks ~ System design e Types of design tasks [54]
Programming e Complexity of programming tasks [49]
e Types of programming tasks [8], [20], [54], [55]
e Quality of programming [41]
Maintenance e Type of maintenance tasks [16], [19], [20], [54], [55]
Data handling e Complexity of analytical tasks [11], [56]
o Jobs and Number of jobs e Level of job replacement or creation [18], [19], [26], [27], [44],
% Roles [59], [69], [71]-[80]
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Balance between different job types [8], [44], [54], [59], [74],
[81]1-[83]

Types of jobs

Characteristics of roles and jobs [18], [54], [56], [73], [78], [81],
[84], [85]

Level of re-configurability of worker [36]

Level of responsibility [13], [25], [44], [73], [86]

Level of task diversity [60], [73]

Skill requirements

Level of technical skill needed to work with robots [22], [35],
[491, [52], [551, [56], [72], [80], [851, [86]

Level of physical skill required for certain jobs [87]

Level of cognitive skill required for certain jobs [54], [62], [86]
Level of flexibility and adaptability required [23], [65]
Complexity of skill profile for individual jobs [27], [28], [50]
Efficiency of use of available skills [22]

Working

conditions

Working conditions

Salary levels [76], [77], [79], [80], [82], [86]
Work hours (duration/time of day) [25], [44], [75]

Work tenure/employment duration [77]

RENRUYVN

Physical

experience

Physical strain and health risks

Ergonomics of workplace [17], [30], [34], [35]
Level of musculoskeletal strain [10], [15], [43], [57], [58]
Exposure to health hazards [13], [22], [31], [32]

Risk of injury

Number of accidents/fatalities [16], [33], [37], [39]-[42], [59],
[60]

Types of accidents [28], [31], [39]

Sources of accidents [33], [38], [50], [51], [61]

Affective

experience

Emotional perception of the

workplace

Perceived safety or (dis)trust in a robotised environment [8],
[19], [24], [50], [51], [59], [62]-[64]

Subjective experience of sensory impulses related to robot
technology [53]

Workplace satisfaction, motivation and happiness [21], [22],
[25], [42], [64]-[68]

Level of stress or cognitive load [13], [51], [63], [66]

Aanticipation of a robotised

workspace

Job loss anxiety [22], [64], [65], [67], [69]
Resistance to change [22], [25]
Attitude towards robotisation [25], [69], [70]

Experience of relationships at

work

Quality of social relationships at work [50]

Level of interaction with co-workers [4], [66]

JUWUOITAUT

Supply/demand of labour

Labour supply [21], [52], [80]
Relative power of the worker/worker groups [27], [54], [68]

Demographics

Age [24], [43], [87]

Skill level of workforce [27], [76]
Migration background [76]
Gender [73], [76]
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Industry experience [77]

Labour laws

Cost of labour [74]
Safety regulations and responsibilities [61]

Strength of labour protection laws and labour unions [22], [27],

[59], [72], [75], [80]

Economic

conditions

Trends for outsourcing of labour [74]

Robot friendliness of national policy [69]



Table 2. Examples of patterns of interactions between themes

Communicating Patterns from the literature on interactions between dimensions
Dimensions
Technology and Work e Features of robot technology change the distribution of manual labour (physical

Worker and Organisation

of Labour

Work and Organisation

of Labour

Work and Worker

Technology and
Organisation

of Work

Technology and Worker

29

tasks).

Features of robot technology create new possibilities (affordances) for executing

work through robot-human collaboration.

Robot technology creates specific new tasks (digital, communicative and

coordinative) related to working with the technology.

Robot technology affects residual physical tasks.

The type of physical task affects the choice of robot technology.

Particular job/role profiles influence workers’ identity and perceived self-value.
Reduced human presence in the workplace affects social relationships and
consequently well-being.

Increased job responsibilities affect affective experience (enriching or stressful).
Shifts in task distribution change role and job profiles and skill requirements.
Novel coordinative and communicative tasks change physical, cognitive or
experiential requirements for specific roles.

Novel coordinative tasks at the worker level affect the importance of mid-level
management.

New digital tasks create new job profiles.

The distribution and nature of physical work between humans and robots affects
the physical experience (accident risks and musculoskeletal strain).

Type and pace of tasks allocated affect experienced stress or cognitive load, with
an effect on the quality of task execution.

Nature of tasks affects the affective experience (satisfaction, self-worth, boredom,
etc.).

Choice of technology influences the need for new technically oriented jobs and
positions.

Technology replacing manual workers creates new responsibilities for
managerial/supervising roles.

Choice of technology influences skills necessary to do certain jobs (knowledge,
physical capabilities, etc.).

Choice of technology influences appropriate work organisation to ensure safe and
healthy work conditions.

Robots’ behaviour and presence influence the subjective feeling of safety.
Anticipation of the effects of robot technology on individual work impact
individual well-being.

Design and choice of technology affect physical well-being through (more/less)

physical strain.



Environment and

Worker

Environment and

Organisation of Labour

Environment and

Technology

Environment and Work
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Involvement of employees in technology design reduces negative affective
experiences.

Perceived or actual shifts in labour market structures and pressures from the
labour market create affective reactions.

Opportunities in the labour market for particularly skilled workers affect their

attachment to the current workplace.

Labour law frames possibilities for the organisation of labour.

The availability (and costs) of adequately skilled workers in the labour

market affects the need for internal up-skilling efforts.

Degree of robotisation in the industrial sector affects working conditions (average
pay, etc.).

Market influences or policy incentivise the use of specific technologies.
Availability, complexity and costs of technology (and its operation) influence the
economic viability of specific technologies.

Safety regulations and labour law guide how work can be executed in a robotised
environment.

Cost and availability of labour influence the economic viability of the automation
of certain tasks and decisions on how to reallocate physical tasks between humans

and robots.
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