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Abstract: In manufacturing companies, cognitive processing is required from assembly workers
to perform correct and timely assembly of complex products, often with varied specifications and
high quality demands. This paper explores assembly operators’ perceptions of cognitive/mental
workload to provide a holistic understanding of the work conditions that affect cognitive demands
and performance. While the physical loading aspects of assembly work are well known, most
empirical literature dealing with cognitive/mental loading in manufacturing tends to examine a few
particular aspects, rather than address the issue with a holistic system view. This semi-structured
interview study, involving 50 industrial assembly operators from three Swedish companies, explores
how assemblers perceive that their cognitive performance and well-being is influenced by a wide
variety of factors within the context of mechanical product assembly. The interview transcripts were
analysed using a priori coding, followed by bottom-up Thematic Analysis. The results indicate that a
variety of systemic effects on assemblers’ cognitive performance can be classified as job demands
or resources. Quite often, the absence of a resource mirrors a related demand, and “good assembly
conditions”, as described by the interviewees, often re-frame demands as desirable challenges that
foster motivation and positive feelings towards the work. The identified demands and resources
stem from task design, timing, physical loading, intrinsic and extrinsic motivators, social teamwork
and the product’s “interface” design. Despite organisational differences and conditions between the
three companies that took part in the study, the results are largely consistent.

Keywords: cognitive ergonomics; mental workload; manual assembly; work environment; cognitive
performance; human factors; occupational ergonomics

1. Introduction

To increase output and ship value to customers, manufacturing companies strive to
achieve correct and consistent assembly of complex products under accelerating market
demands for high-quality and timely delivery. A well-established concern for companies
is high physical loading and its threat to quality [1-3]. While assembly work has long
been (and remains) physically straining, little is known about the overall consequences of
cognitive loading [4] on assemblers’ task performance, well-being and the speed and quality
of production. Cognitive under- or overloading can cause a lack of focus or distraction
on one hand, or overwhelm on the other [4]. This paper explores factors relevant to
assembly operators’ perceptions of cognitive/mental workload in order to provide a
holistic understanding of work conditions related to cognitive demands and performance.
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Cognitive ergonomics, a well-established area within the discipline of Human Fac-
tors/Ergonomics (HF/E), aims at designing systems to support optimal human cogni-
tive performance and well-being when performing tasks, in line with the International
Ergonomics Association’s definition of HF/E [5]. This field studies human cognitive capac-
ities (such as memory, perception, attention, decision making, problem-solving, etc.), how
they interact with given elements of a work system (such as tools, controls, instructions and
interfaces), factors that affect performance (such as mental workload, stress or distractions)
and performance outcomes (such as time taken or degree of error when executing the task).
The practice aspect of the discipline aims to influence the design of the work conditions
that influence cognitive performance. The study reported in this paper aims to contribute
knowledge towards improving cognitive ergonomics in manufacturing, where human
workers perform manual assembly.

With regard to cognitive and /or mental loading in manufacturing contexts, several pre-
vious works bring up a variety facets to consider: how assemblers handle disruptions [6-8],
overall process flow [9], effects of assembler age [10-12], interactions between physical
and mental loading [8], assembler experience [13], boredom [14], efficacy and appropriate-
ness of tools, materials and instructions [15-17], time pressure [18] and the effects of task
complexity [1,13,19,20], just to name a few. This variety in the literature suggests that the
scope of what constitutes mental or cognitive loading for assembly workers emerges from
a systemic combination of any of these factors. It appears that assemblers do not simply
deal with a succession of building tasks, but their work is also interlaced with interpreting
new information, problem-solving, navigating social interactions, prioritising and learning
on the job.

What may appear to be a simple matter of word choice between the concepts of
cognitive vs. mental (work)load is not entirely straightforward in the literature. Given that
the HF/E field is multi-disciplinary, is informed by a multitude of research traditions and
has the aim of designing to optimize work, both terms are found in the literature, and
sometimes appear to be used interchangeably. However, the term “mental workload”
(MWL) is used predominantly in cognitive sciences and HF/E literature since the 1980s [4],
and in the latter field tends to address the discrepancy between job demands and the
(mental) resources available to the worker—based on the assumption that the worker is
wholly dedicated to completing the task. Some theoretical HF/E treatments use one term
to explain the other (e.g., [4]), or relate the terms to each other [18] in an attempt to frame
the scope in terms of effects on worker performance.

In early HF/E contributions (circa 1980s), the mental side of human work tended to be
approached simply as “information processing”; i.e., perceiving and interpreting sensory
signals and deciding on a course of action based on that interpretation process [21,22].
Early HF/E literature has also been very performance- and safety-focused, often studying
outcomes of task completion experimentally in terms of correct execution, time usage
and risk of human error. Conclusively defining MWL based on the literature remains a
complex challenge due to the multidimensionality, hypotheticality and wide variety of
conceptualisations that have been used to elaborate and operationalise it; this elusiveness is
exemplified by the ISO 10075 standard “Ergonomic principles related to mental workload”,
which simply refrains altogether from defining MWL and refers to it as an “umbrella term”.

On the other hand, much of our fundamental understanding of the human brain at
work stems from cognitive sciences and educational psychology. The latter tends to prefer
the term “cognitive load”, and its perspective provides a contrast to the HF/E angle by
not presuming that the person dedicates all mental resources to the (learning) task; rather,
it discusses whether they apply their available resources actively, as a matter of choice. A
widely adopted educational psychology model by Sweller, cognitive load theory (CLT) [23,24],
segments cognitive load into intrinsic (directly related to task difficulty), extraneous (affected
by surrounding external factors) and germane (the load placed on memory during the
learning process when developing “schema” that allow comprehension). Later treatments
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of CLT [25] emphasize that certain types of cognitive load are experienced passively by the
“learner”, while others cause them to actively invest effort in dealing with the task.

One concept analysis and model by Van Acker et al. [26] (p. 358) builds on CLT and
defines mental workload as “a subjectively experienced physiological processing state, revealing
the interplay between one’s limited and multidimensional cognitive resources and the cognitive work
demands being exposed to”. According to their model, mental workload arises in a situation
where (1) a worker’s (personal) cognitive architecture meets (situational) cognitive task
demands; (2) the worker spends cognitive resources and triggers a subjective experience
that may be affected by emotions and moderated by specific employee- or work-related
characteristics; and (3) this results in employee behaviour that may lead to desirable or
undesirable levels of performance, as well as and other consequences that may affect the
work performance, resilience and/or well-being positively or negatively. This definition
implies that mental workload is a more all-encompassing, situationally focused concept,
and that (task-focused) cognitive loading is simply a component thereof. A model by
Hockey [27] supports that it would be wise to acknowledge the “voluntary application of
effort” idea [25] to paced assembly-line scenarios, regarding performance; when carrying
out tasks under stressful conditions, individuals may adapt to stress with an intentional
allocation of effort, or by compensatory “latent decrements” to meet specific performance
targets to the possible detriment of other goals, which may result in sub-optimal perfor-
mance and fatigue. This echoes the ETTO principle (efficiency—thoroughness trade-off)
described by Hollnagel [28], an idea that acknowledges how surrounding conditions may
influence voluntary investment of effort towards completing a task successfully.

We propose that when studying the “assembler’s brain at work”, it should not be
done simply in relation to isolated tasks, but with a regard to the assembly job as a whole.
This endeavour requires a broad appreciation of how humans use their mental resources,
both consciously and unconsciously. An industrial work system context expects correct
and consistent performance from assembly workers at all times. For this reason, we have
chosen to inclusively label the scope of our study inclusively as “cognitive/mental” demands
and resources throughout the paper.

1.1. Theoretical Framework

The Job Demands—Resources (JD-R) model by Bakker and Demerouti [29] is used as a
framework to explore and explain demands and resources pertaining to cognitive load in
assembly work. According to the model, occupational strain and ill-health result from an
imbalance between demands and resources that employees are subjected to. The model
builds on two processes: (i) a health impairment process as the result of poor job design;
and (ii) a motivational process coupled with job resources that are assumed to lead to
work engagement and performance [29]. The JD-R model has been used to identify the
impacts of work conditions on employee and organisational outcomes such as burnout
and engagement [30,31], and absenteeism and turnover intentions [32].

The model has been used to investigate work conditions in various contexts; for
example, call centres [32,33], caregiving environments [34,35], flexible offices [36,37] and
teaching [38]. It has also been applied to manufacturing and assembly contexts; for exam-
ple, Demerouti et al. [39] themselves carried out a JD-R study partially involving industrial
workers, focusing on exhaustion and disengagement (burnout). In [40] (p. 3010), the model
was applied to lean manufacturing, finding that, e.g., provision of training, boundary
control and feedback were crucial “for promoting engagement and reducing exhaustion”. Else-
where, the JD-R model was used to examine workers’ intentions to retire early; showing
that “the relationship between job resources and work enjoyment was stronger among blue-collar
workers” than for white-collar workers [41] (p. 61). Job demands are divided into physical,
psychological and emotional, while resources can be support, autonomy and feedback [29].
Every occupation may have its specific and contextual demands and resources.
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1.2. Aims and Research Questions

This interview study aims to explore and map how assemblers perceive that work
conditions influence their cognitive/mental workload and performance, from both a
hindering and a facilitating perspective. In line with JD-R, we focus on mapping the
demanding factors and resources within the assembly context, stemming from the design
of the product as well as the social and organisational aspects of the production setup. The
research questions are:

e  What are the contextual demands that influence cognitive workload and performance
in assembly work?

e  What are the contextual resources that influence cognitive workload and performance
in assembly work?

1.3. Delimitations

According to Bakker and Demerouti [29] (p. 312), “Job demands refer to those physical,
psychological, social, or organizational aspects of the job that require sustained physical and/or
psychological (cognitive and emotional) effort or skills (...).” Due to the primary focus of this
paper’s results being assemblers’ cognitive/mental workload and performance, we delib-
erately refrain from elaborating the physical aspects of demands and resources (although
these are normally included in the JD-R model) as they would detract from the paper’s
focus on cognitive and mental demands/resources.

2. Materials and Methods

Our study design and procedure is reported using the Consolidated Criteria for
Reporting Qualitative Studies (COREQ) checklist [42], based on [43]. To investigate assem-
blers” work conditions with respect to cognitive workload, a multiple case study approach
was taken. Case study design is appropriate when (1) the aim is to understand complex
interrelations between studied phenomena; (2) the research work aims to understand thick
descriptions that represent different perspectives; and (3) the research has little control over
studied events but is interested in naturally occurring variability [44,45]. Multiple-case
study approaches, in particular, enable comparisons and allow for propositions to be made
based on varied situations, contexts and perspectives, preventing the idiosyncrasies of find-
ings from single cases [46]. Data collection, case descriptions and the analysis procedure of
this multiple-case study are described in the following sections.

2.1. Data Collection

The study primarily consisted of semi-structured interviews with 50 individual man-
ual assembly workers at three Swedish industrial manufacturing companies. The inter-
views were conducted individually at each company’s respective production site. A contact
person (CP) who worked closely with the production organisation for each company was
responsible for recruiting interviewees. The CP selected the assemblers who were per-
mitted to leave the assembly line during their working day to participate in a scheduled
interview for approximately 30-40 min. During the selection, the CP needed to fulfil
the research team’s request to represent a variety of work experience levels, genders and
ages; at all three companies, CPs intentionally selected participants based on their being
able to speak Swedish. To minimise interference of assembly work as much as possible,
the research team accepted the company’s selection of participants, and completed all
interviews during the same day or two consecutive days.
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Each interview was semi-structured, using a flexible interview guide (Appendix A).
The questions were formulated to probe individuals” work experience, understanding of
their work tasks, what they perceived as enabling or hindering their work and how the
products or the production tasks and work environment affected their ability to perceive
signals, recall information from memory, solve problems and make decisions. In this
paper, references to specific interview questions are labelled with the letter Q and the
corresponding question number in Appendix A. For example, Q-12 corresponds to the
question “12. What makes your work flow well?” .

2.2. Cases and Participants

Three industrial companies participated in the study, which we refer to as Case A, B
and C, respectively. Two of these were multi-national vehicle producers with production
plants in several countries, while the third was an automotive component manufacturer
specialised in one very particular functional component. All companies volunteered to
provide participants from their own production plants situated within Sweden, meaning
that all organisations obeyed the same work environment laws and regulations. Table 1
shows the overall demographics of our sample. The sample should be compared with
the overall gender distribution of the automotive assembly sector, which according to
Statistics Sweden [47] was 20% women and 80% men (13,000 persons in total) at the time
the interviewees were recruited. The sample also covers a span of prior work experience
and age; the national average age for women was 34 years, and for men 39 years [47].

Table 1. Demographic information about the assemblers (total n1 = 50).

Gender Distribution

Company (M = Male, F = Female) Age Span Work Experience Span
A (vehicle manufacturer), 10 M. 5 F 22-54 vrs 10 mo-32 yrs
n=15 ’ Y ’
B (vehicle manufacturer) 16 M. 6 F 20-56 vrs 5 mo-39 yrs
n=22 ’ g g
C (automotive component 5M.8F 19-60 yrs 6 mo-30 yrs

manufacturer), n = 13

2.3. Data Analysis

The overall process for data analysis is shown in Figure 1. All interviews were
audio-recorded and transcribed verbatim. For reporting purposes, selected quotes were
translated from Swedish to English by a bi-lingual author. The transcript materials were
thereafter segmented by categorising the answers into thematic “clusters” (see Figure 2).
These clusters of specific answers were then subjected to bottom-up thematic analysis [48]
to identify emergent themes. These identified themes were iteratively discussed in the
research team (see Figure 1) and organised under the pre-established categories from the
Job Demands and Resources model [29] (except for physical aspects, see Section 1.3).
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Interviewees, N=50;

assemblers from 3 different Audio recorded and ARIRIGTERS Analyzed wing(qualltative
: : : : U . of interview data management software
industrial companies, va.rymg e (QSR NVivo 12)
ages and years of experience
¢ ANALYSIS PROCEDURE (CODING)

Step 1: All transcribed
material read and discussed
by all co-authors

Step 2: Initial clustering of

responses based on related

interview questions
(Appendix A)

|

Discussions to establish
expected themes and
agree on coding

Discussion about
overall main themes
in the study

Step 3: Thematic analysis
of interview transcripts,

~ T performed by three
terminology and principles author
for emergent themes it ll o

Step 4: Deductive
analysis using the
Job Demands/Resources
model* as a coding guide
to sort inductive findings

!
Gesults of this papeD

* omitting physical
demands/resources

Recurring checks and
reflections on
bottom-up coding
development

Figure 1. The data collection and analysis process.

The results were analysed for each case company in turn, but the results are reported
for common themes found in all three cases (exceptions where differences between them are
reported are stated as such). Where quotes are reported, we sometimes truncate using (.. .)
to indicate skipped text, and sometimes the subject or object being referred to is indicated in
box parentheses ([“subject”]) to clarify. On occasions where multiple interviewees expressed
a similar view, we attribute the quote with interviewee code names as follows, with the
first mentioned being the original source of the quote: “Quote” (A-#; B-#).
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Figure 2. The initial “clustering” of related questions (see full questions in Appendix A).

3. Results

The results are divided into two main sections, providing an overview of the identified
demands and resources in assembly work. Each section chiefly presents results that were in
common between the three cases, and highlights interesting findings specific to a particular
case, to illustrate their different conditions.

All interviewed assemblers in the three cases, with few exceptions, worked at paced
assembly lines with a specified “takt time”, which limited how long they could spend
carrying out any sub-assembly task. For most, the working day consisted of several time-
limited placements (rotations) at a particular workstation, where they would perform
assembly work from 20 min to a couple of hours, before switching to another station. In
Case C, most products were very similar and produced in batches, while in Cases A and B
each individual product (vehicle) came with a custom specification that required assemblers
familiarize themselves with how to assemble that particular customized product. This
could involve selection of components and materials, sometimes dealing with packaging,
lifting and/or moving objects from nearby material racks to the assembly, and attachment
of components to the product using one or more tools. The components and materials could
sometimes be very heavy, occasionally requiring the use of lifting devices or pneumatic
tools. As mentioned earlier in Section 1.3, the paper mainly focuses on the psychological,
social and organisational aspects of JD-R, and will discuss physical demands and resources
at a later stage.

Despite the interview focus on cognitive/mental loading, the interviewees frequently
emphasised that they considered assembly work to be much more physically than mentally
straining. Most (trained and accustomed) assemblers felt that assembly was mostly man-
ageable, and that the main challenge was exposure to heavy or repetitive physical loading,
leading to fatigue and cumulative injury, alongside a lack of control over the timing of the
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work tasks (since all interviewees worked at paced assembly lines). Most assemblers also
associated the (Swedish) word “ergonomics” chiefly to physical demands; to mitigate this,
the interview questions were purposely designed to probe for and focus on specific aspects
of cognitive/mental workload (see Appendix A).

3.1. Demands in Assembly Work

The identified work demands were organised into (i) Cognitive demands; (ii) Emo-
tional demands; (iii) Social and organisational demands; and (iv) Individual pre-conditions
(related to demands).

3.1.1. Cognitive Demands

The different factors related to cognitive demands are illustrated in Figure 3. A
noticeable category comprised time pressure-related aspects of the work, in terms of pace,
duration and variation (or lack thereof). One of the most predominant cognitive demands
on assemblers was their awareness of the decreasing time left, in most cases emphasised
by a visible clock counting down the time to the start of assembling the next product.
Cycle times at paced workstations varied between approximately one and a half to seven
minutes, indicating varying degrees of task repetitiveness. Particularly novice assemblers
viewed this countdown as a source of stress and a distraction from focusing on the work
at hand, as they were looking at the time more often in order to match expectations. In
Cases A and B, the occurrence of unusual product variants with unexpected or unfamiliar
assembly requirements were mentioned as having a large impact on “time left”. The feeling
of running out of time could cause one assembler to work more carelessly: “When you're
behind (. ..) the mistakes come. Because you more or less throw in the screws and washers. Whether
or not it’s the wrong way round (.. .) I have to hurry on to the next one.” (A-12). Time pressure
is also related to production system disturbances, for example machine failure or other
stoppages. The resulting delay could cause great frustration. Interviewees from Case C
reported that they were motivated to “catch up” with the tempo after problems in the line
production had occurred. Another assembler mentioned the occasional need to measure
components like beams to ensure tolerances: “Sometimes we have to measure beams, and that’s
super complicated (. ..) you also have to build all the other stuff too with the clock ticking. (...) It’s
a thing you don’t want to do, start calculating math while you're supposed to be building” (B-08).

In a worst-case scenario, activities that assemblers would need to fit into the available
cycle time could include interpreting instructions, handling missing or faulty components,
dealing with assemblies with poor fit, addressing queries from colleagues (or extending
queries of their own) and generally needing to be quick-thinking and aware of what was
coming next: “You always need to stay one vehicle ahead, in your mind” (B-11); all this while
sometimes handling heavy physical loads. Assemblers also mentioned that some degree of
rapid decision-making was occasionally involved in the assembly, due to variability from
the material and tools: “you get a piece that’s just borderline on whether it's wrong, and you have
to stand there thinking ‘should I do something about this, or not?”” (C-05).

Work-environmental factors such as noise, blinking lights, etc., could also contribute
to assemblers’ feeling “stress” and fatigue: “you get tired in the body and the head because of all
the noise” (B-13). In Case C, some such signals or tasks could come from parallel processes
that assemblers were expected to monitor at the same time as their assembly tasks: “So it’s
hard enough to keep your focus on a station when you know that at any time, this other station
might start beeping. Sometimes it might not even beep, so you have to turn around and check,
remember, to check that it's running. That can be mentally demanding” (C-01).
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Increased risk of carelessness,
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Work environmental
stimuli

Keeping track of parallel tasks/processes

{ System failures due to interdependencies Equipment failures, stoppages

Distractions from other people

Figure 3. Cognitive demands.

Precision-demanding work was another product-related factor highlighted by the
interviewees in Cases A and B as mentally taxing, due to requiring thoroughness under
time pressure. For example, components requiring high precision risked being mounted
at a skewed angle, or otherwise failing quality criteria that would require extra effort and
time to correct afterwards. This problem at the task level could stem from ambiguous
component design, faulty materials or too-high tolerances that were difficult for human
assemblers to live up to without some kind of quality-assurance guide or tool: “when a
connector or a screw or something that fits in several places (...) can end up wrong and when
there’s so much to keep track of, it's easy to make a mistake” (A-01).

Interviewees emphasised that unclear work instructions can be very demanding: “It
can be hard to know why a pipe should be rotated a certain way, because it's not always evident from
the instruction” (B-14). It was also mentioned in all three cases that the work instructions
could be incorrect and contain an enlarged amount of information that is demanding to
read: “There’s alot (...) that isn’t right. There’s a lot of stuff to remember and rules-of-thumb (. ..)
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There’s also a lot of information like (.. .) someone writing ‘Note: assemble this’. But texts like that
(...) you stop seeing them after a while, so they just add to the disorder” (B-08).

In Case A, the participants described “red stations” involving several demanding
work tasks. These require additional help from another assembler, and no one is meant
to work there too long. Workstations with too much or too little task variety that are
poorly balanced could result in over- or underload: “sometimes it can be very calm and very
monotonous because it is a very easy sequence (.. .) then you become rather understimulated (. ..)
but when there is a very high sequence things can go the other way, meaning that it’s too much (. ..)
we have stations that are red, where we are not allowed to stay too long” (A-09).

Something that set Case C apart was that the complexity of their product was lower
than those of the other two, so most assemblers from there reported that they found the
cognitive load manageable. As one assembler described it: “I [have to] think quite a lot, but I
don't find it particularly straining. It's just a responsibility, that I should do my part correctly. And
instead of doing it wrong, I'd rather think about it for two seconds extra” (C-12). In extension,
too-low task variation could also lead to negative attitudes towards the work: “Some days
you think, ‘“Well, here I am doing the same thing again’” (C-04) and “You do the same things every
day. Every second almost” (A-08; A-10).

3.1.2. Emotional Demands

The interviewees reported certain situations that involved emotional demands. Al-
though overlapping somewhat with previously mentioned cognitive demands, intervie-
wees reported feelings of frustration or irritation after experiencing system or component
failures that they had no control over—this frequently had consequences like time delays
and increased need for adjustments, staying overtime and additional physical and mental
effort. Particularly, equipment failures seemed to cause frustration, since the assemblers
would often have to wait for repairs before being able to resume work: “When machines
and stuff don’t work like they re supposed to, (...) sometimes it takes a good while before they get
fixed. And you have to stand there and fight with it. It gets pretty straining after a working day”
(C-05). Despite lacking control, assemblers still experienced a sense of needing to catch up.
Alternatively, they anticipated needing to stay for longer hours or work on weekends to
meet production targets, a common source of dismay. Similar frustrations could come from
assembled products not passing quality checks, which routinely required adjustments.

The products themselves could also cause emotional responses, particularly when
their assemblies were predictably difficult and effort-demanding, with several of them
occurring in succession. One assembler in Case B said that “It depends on whether you get
troublesome vehicles (. . .) last week was a really [expletive] day (. ..) we had really difficult vehicles
and you were behind all the time, and found out that you made a mistake five vehicles ago (. ..)
‘how the [expletive] did that go wrong? How the [expletive] did I manage to do that? It can’t be
right’. You go into denial (. ..) And then you try to concentrate even harder, even though you know
another [expletive] car is coming again. So those days, you absolutely just want to go home as soon
as possible” (B-12).

Assemblers also mentioned the emotional toll of combined physical and mental fatigue
after long working days. This was particularly tangible if they were asked to stay overtime
after a work shift. Some felt additional frustration at knowing that certain tasks would
regularly require them to handle very heavy physical loads. It appears that due to the
predominantly physical nature of the work, it was hard for the interviewees to disregard
its effect on mental performance entirely when they were asked about the work being
(cognitively) strenuous. The body-related aspects came up as dominant in their experience
of the work.

One assembler described how some materials and components would not always fit
well into the assemblies with narrow tolerances, leading to frustration and extra physical
efforts to force them in: “they can be pretty badly fitted, so you really have to bang on and bend
them (...) they’re hopeless and they give you trouble” (B-08). The same assembler described a
variety of sources of frustration and confusion, e.g., unplanned staffing changes, material
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being kitted incorrectly and special-operations assemblers showing up to workstations
without warning and imposing their notes and instructions (B-08).

Another aspect worthy to note was how frustrations could arise from lack of com-
munication: “If the communication isn’t good, that you don’t get informed in good time so you
can’t prepare yourself—that can be frustrating” (B-17). Some frustrations could also arise from
colleagues getting in each other’s way particularly when “working up” (working faster
than the assigned pace): “That person hasn’t understood that, or why, they cause irritation. It’s
because the other person has to wait, even though their time hasn't started. This makes some people
really mad while others don’t care. But of course, I can get annoyed too if someone doesn’t move and
makes me wait” (B-12).

Similarly, frustration could arise from a perceived lack of understanding from other
parts of the production chain: “It’s frustrating (...) when those who decide don’t listen to
workers. (...) Often it’s a seller who has said [to the customer], “you can have that in your vehicle,
no problems’, but then they’ve already manufactured a cable harness. Then there aren’t any cables
for that button, and then it becomes my problem to add those cables” (B-03).

3.1.3. Organisational Demands

Demands resulting from the organisation, scheduling and design of work were ex-
emplified in several ways (Figure 4). In all three cases, it was common practice to lend
operators from other lines, in order to cover gaps and provide enough staff at each line.
However, this solution required a lot of effort to uphold a good workflow and affected
group dynamics negatively: “if we get someone from another line, who (. ..) hasn’t been in our
group and doesn’t know how we sync, then it gets a bit choppy” (C-04). Sometimes inexperi-
enced staff could add a limitation that affected the variation for the entire team: “when
people are sick (. . .) we staff with people [from the temporary staff pool] who know several different
departments, so they most often only know one or two stations within our department. So that
person gets locked in, and we can’t rotate around, so maybe everyone has to stand still. This causes
(...) [people to get] irritated” (B-16).

Some interviewees who had experienced being “lent out” to an unfamiliar station
described that it could be demanding (but stimulating) to learn new things (B-08), while
others felt that they were learning new things constantly (B-03, B-07, B-13), partly be-
cause of occasional changes in operations. Getting accustomed to the new tasks often
involved them asking more questions of surrounding colleagues to verify that they were
assembling correctly.

Regarding learning and onboarding, interviewees appreciated standardised routines
and more practical rather than theoretical approaches for learning new assemblies; however,
in Case C, one interviewee who had been working night shift during their onboarding
process described how their particular introduction had suffered from a great lack of
structure and coordination, which made it very hard for his group of novices to learn: “[the
supervisors] were going to teach us and were running between us (. . .) they were very skilled, but
those two weren't very coordinated. So one came and said, ‘this is how you do it’, and then after two
days the second one came saying ‘what the [expletive] are you doing, you can’t do that!"”” (C-08).

A reported practice was to standardise work tasks and reduce them to a shorter
sequence with fewer steps, to ensure quality and to ease the onboarding process for new
staff. However, it had an adverse effect as the operators” motivation decreased and they
felt disengaged towards their work instead. For example, one experienced assembler said
that they felt “limited with capital letters (. ..) when you've worked as long as I have (. ..) we
[previously] had a completely different kind of assembly. So, I can’t say it’s gone in the right
direction, certainly not (. ..) What I miss is the whole picture, now that I just do one part. You don’t
get the same holistic (.. .) view, so to speak” (A-13). Some interviewees felt that there were
limited opportunities offered at their company to develop new competencies on the job.



Int. ]. Environ. Res. Public Health 2021, 18, 12282

12 of 30

Organisational demands
|

— Disturbance handling

— Organisation of work

Workplace design and
operations

Reduced work content

Task distribution

Sufficient staffing

Intentionally short
sequences

Extremely limited
within-task work

Loaned or temporary staff
with limited experience

Reduced understanding of
the job as a whole

Limited staff skills hinder
rotation

__|Pemanding shift work (safety

and quality threats)

Scheduling

Shift turnover issues;
insufficient routines

Training, onboarding

Working overtime

Missing or low-quality

materials

Equipment failures

Ideal: only necessary and
functioning equipment

Figure 4. Organisational demands.

Unexpected events and disturbances were a frequently reported issue that assemblers
said affected the workflow. Several assemblers felt that it would be desirable to have better
preparation and time planning to handle disturbances, and to reduce risks for unexpected
events. Some assemblers stated that a combination of having enough time to complete the
task, and to have been given enough time to become well-trained to properly perform the
task (particularly newly introduced ones), were conditions that supported a good flow in
their work.

Participants from all three cases reported that there were gaps in their routines for
ending a shift, which delayed and increased their efforts towards preparing their shift
start-up: “If there’s been an issue (. ..) they can’t focus on how to turn over to us (... ) it's the same
for us. If we have a problem (. ..) at the end of the day, then it might not give the right starting
conditions for those who start in the evening. We might leave it a bit badly done because we haven’t
been able to focus on it” (B-15); “They care about doing their thing, but not about the one coming
after. Sometimes you have to refill your own material, and then it takes a few minutes before 1
can start” (C-12). Shift-work itself was recognized by participants in all cases as taxing
and unfavourable to safety and quality: “Shift-work creates tiredness and can lead to assembly
mistakes or injuries” (A-08).

Regarding the design and operation of the physical workplace, participants in all three
cases described the effects of when material was not delivered on time or with inadequate
quality, placing demands on staff: “Materials handling to us doesn’t work very well, so we have
to hunt for material” (B-04). Other reported issues were: “Faulty material” (C-09), “Things that
don’t fit and you have to re-do stuff” (C-10), and “there isn’t as much material as the system says”
(C-15). In Case C, about half of the interviewees stated that the equipment greatly impacted
their experience of workflow; interviewee C-09 added that there were often machine
failures to contend with. Several participants largely indicated that the ideal scenario was
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to only have necessary and functioning equipment to deal with, to avoid unnecessary
demands. Another demanding factor at workstation level was when instructions were
difficult to read and understand, or not updated.

3.1.4. Social Demands

Regarding working with other people, the assemblers mostly emphasised how so-
cial interactions and teamwork were a strength, but demands appeared mostly due to
unfavourable group dynamics, interdependencies between individuals” performance and
dealing with the presence of other people as a distraction.

Group dynamics was recognised by interviewees as influencing cognitive workload—
particularly, a dysfunctional work dynamic could result in dissatisfying teamwork and
lowered motivation to come to work: “if there’s a bad vibe, of course it’s not as fun. It’s not as
rewarding” (A-07). In Case C, a lack of collaboration and communication could for example
lead to colleagues not helping each other refill materials. One assembler (C-13) described
that the social interaction of doing the right thing towards colleagues and making them
feel at ease at work was key to achieving a good workflow.

In Case C, interviewees mentioned that having a predetermined production target for
them as a team to constantly keep up with was demanding; often they would try to work
faster than pace in order to reach their target. However, different assemblers had different
capabilities to work faster than pace, which could contribute towards a dysfunctional
group dynamic: “some people here feel that, "yeah but let’s reach our goal anyway’. And that often
leads to tensions because then it’s one or two people chasing that goal” (C-03).

Making mistakes added social pressure since they could add to the overall workload,
leading to overtime for everyone. There were in all three cases tracking systems that
allowed a mistake to be traced to a particular individual, which added a sense of being
watched and to some degree being held accountable for the mistake. Some assemblers
described this “blame culture” as a social pressure on them. Assemblers could also experi-
ence negative effects of being dependent on each other’s performance; receiving incorrect
assemblies from earlier stations could add to a collective sensation of failing to carry out the
task correctly, leading to everyone being negatively impacted by the need for adjustments
and overtime.

3.1.5. Individual Pre-Conditions and Attitudes

From the interviews, it also became obvious that most assemblers were aware that
each co-worker had individual needs, assets and motivations, and that it was important
to be adequately prepared, trained, equipped and motivated to assemble correctly. While
many of these aspects could be viewed from the resources perspective (see Section 3.2),
some intrinsic job demands were mentioned by the interviewees.

One interviewee reflected that even though they personally felt motivated to push
their own performance level quite high, they were aware that “colleagues who maybe have
kids and can’t work overtime so much, they work to a different effort level and reach their targets all
the same, but I like maximizing and pressuring [myself]” (B-21). Conversely, when assemblers
felt decreased motivation and negative attitudes towards their work, it could result in bad
assembly, characterised by “you [doing] sloppy work, with no overview of what you're doing. Or
you work too fast and in a way that is harmful, I think” (C-05).

Many spoke of different kinds of musculo-skeletal disorders that they expected to
become more sensitive to with age, and certain interviewees were concerned for their
younger colleagues’ future well-being: “some (. . .) have worked for 15 years in assembly, which
isn’t that usual (. ..) now that the [pace] is the way it is. But they work in a way that assures that
they will last (.. .) they work calmly, methodically. (. ..) while the young are more, (.. .) everything
has to go so fast, and preferably with a bit of movement, when fetching stuff (...) I take that extra
step when 1 pick something up. While the young think (.. .) 'I'm young, this won’t hurt me” (A-05).

Several interviewees believed that the work pace was too demanding for an entire
work life. This was one decisive factor for many in considering quitting their work as an
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assembler: “Like I said, 15 years, you start getting tired of this. So maybe one should try something
different. If you think that yeah, you’ll work until 67, it’s a long time and (... ) it’s quite tough. It
can be. Because it's the line, and the tempo is high” (C-09). In addition, interviewees mentioned
that the work is both cognitively and physically demanding, making them tired after a
working day: “I'm tired when I'm done, but it’s physical too, not just psychological” (A-12).

Interestingly, when the assemblers were asked directly about aging aspects (Q33
and Q34), several mentioned that their current older colleagues (approximated as being
between ages 40-55) appeared to be doing fine, particularly if they were experienced and
had been assigned less physically strenuous stations. However, many were concerned that
their own bodies would not be able to withstand the high degree of physical loading, high
tempo and “running around” up until retirement age.

For others, a lack of personal interest or motivation, or wanting to reduce future
exposure to the constant time pressure, was their main reason for believing they would not
want to stay. Among those who believed that it would be possible and desirable to continue
working until retirement in assembly, they mentioned how the “calm” and routine that
comes from experience would make it possible—as long as the cycle time did not become
even shorter in the future.

3.2. Resources in Assembly Work

Our thematic analysis identified different types of resources that facilitate work and
reduce the workload for assembly workers: (i) Organisational resources; (ii) Social and
interpersonal resources; (iii) Cognitive support; and (iv) Individual resources.

3.2.1. Organisational Resources

The findings regarding organisational resources were divided into three sub-categories:
organisation at large, organisation of work and task level.

Regarding organisation at large, motivators, onboarding process and adequate staffing
were identified as the main resources (see Figure 5). The participants mentioned that their
performance was influenced by their intention to continue working as an assembler, which
was steered by a set of intrinsic and extrinsic motivators. The intrinsic motivators were
described as the perception that the task itself is important, resulting in positive emotions,
while the extrinsic motivators were described as rewards for their good work. Four
motivators were identified: two intrinsic—professional pride and possibility to develop
oneself; and two extrinsic—satisfying salary and favourable working hours. According to
the interviewees, these motivators contributed to enhanced engagement as well as inner
calm and thereby lowered cognitive demand. The intrinsic motivators were similar among
the three cases. According to the interviews, professional pride is enjoying the work tasks,
taking pride in assembling with quality and the feeling of being skilful when performing
the work: “It is fascinating to see what we are achieving and contributing to” (A-11). Knowing
that one is good at performing one’s work also increases self-confidence and contributes
to reducing nervousness of making mistakes: “I like monotonous jobs, I am rather good at
doing such things all the time, because I like it. I love working in assembly” (A-07). Moreover, the
possibility to further develop oneself and learn new things was mentioned to be important
for work performance, increasing engagement: “As I am very invested in my work, I think
it’s really fun, and I want to learn new things” (A-12). Other examples were providing the
opportunity for assemblers to challenge themselves, through involvement in problem
solving or receiving a promotion when showing great work performance. It was also
emphasised that work created positive emotions such as joy towards their work: “I am
rather involved in all the improvement work at our department, so I am very keen to identify problems
as well as solve them. I find it very enjoyable and stimulating” (B-01). Regarding the extrinsic
motivators, both satisfactory salary and favourable working hours were considered to
influence work performance positively. As the participants were rewarded, they became
more engaged in their work. Satisfactory salary was mentioned in all three cases, while
favourable working hours were mentioned as a motivator in Cases B and C.
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Figure 5. Resources regarding organisation at large.

The onboarding process for introducing work tasks was further mentioned as it affects
the operators’ ability to handle their work later: “a lot is about getting a good introduction”
(A-11). A common factor that was considered to influence the participants’ learning was
having tutors that introduced the tasks methodically and clearly described the working
steps in order to provide the assembler with sufficient time to practice: “we should follow
a certain pattern that we are confident is the smartest and smoothest way to learn (...) I believe
that the most important thing is to have time to learn (...) to not feel any stress but to take it
at your own pace” (B-19). Having a short task sequence reduced the required amount of
information to be learnt by the assemblers, which could in turn ensure product quality.
The participants in Cases B and C mentioned that having the same tutor was important
for continuity in their learning. In contrast, participants in Case A mentioned that having
different tutors was favourable, as taking part in different operators” working methods
helped them to easily find their own working style: “we have a standard procedure that we
follow, but there are some things that are not written down exactly how to do it, since everybody has
their own personal way of doing things (.. .) we try to have one [tutor] in the beginning and one in
the end since both work differently (. ..) so the person learning can have the best of both” (A-09).

In all three cases, the interviewees emphasised the importance of offering all new
operators the same learning conditions and expressed appreciation for when supervisors
used an organised and standardised onboarding process to introduce tasks to new opera-
tors. Participants in Cases B and C also emphasised the role of a practical learning method
that included assembling under the guidance of an experienced operator. Additionally, the
interviewees described that giving the operators a deeper insight into the entire product
and a background to why the working steps are designed in a certain way, facilitated their
learning ability: “those who have been in the main-line for a while and have seen how they build
(...) have a better understanding for why we assemble things in certain ways and then also assemble
better (...) in particular, they can tell when the specifications are wrong” (B-14).

Providing the operators these resources during introduction fostered skills and re-
sulted in becoming confident in performing the work, thereby lowering cognitive load: “I
feel (...) that I could even help [others] if necessary” (B-01). Besides the introduction, the partic-
ipants also highlighted that they were provided with opportunities for skill development
through courses such as ergonomics, material knowledge training and machine training.
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These were however aimed to facilitate development of selected operators with additional
work responsibilities.

Adequate staffing was also emphasised by the interviewees as a resource: “Sometimes
we’re just five on the line, sometimes maybe six. It depends on how the job should be done,
to have the best flow” (C-05). Having enough staff enabled the operators to successfully
perform the assigned tasks as it was described to promote workflow and thereby mitigate
cognitive strain.

With regard to organisation of work (see Figure 6), three themes were identified that
directly and indirectly affected cognitive demand. Participation in decision making was
mentioned in all three cases as crucial, since the operators themselves often had ideas about
what could optimise their workload. The interviewees highlighted different approaches
for a successful involvement of the operators in decision making. One common practice
was using Continuous Improvement to develop the work together with the operators:
“everything is standardised, but if we have a suggestion (...) [I] tell everybody at the meeting,
‘I have this suggestion, what do you think?’ (...) if it's a good suggestion that saves time with
no additional risks, then we go ahead” (A-02). Continuous Improvements, according to
the participants, consisted of regular meetings where they discussed already existing
improvement proposals or wrote down ideas and thoughts that were presented orally or in
writing to their managers: “Once a month we have something called Continuous Improvement,
where we write down ideas and thoughts that we later share with our (. ..) shift supervisor” (B-01).
Another common practice was communicating suggestions directly to the shift manager or
writing down on a whiteboard on each line. Interviewees in Cases B and C presented their
improvement proposals straight to the technicians and maintenance department. Case
A assigned the operators with improvement responsibilities, which they were obliged to
continuously follow up and time was set for each operator to carry out the improvement
work: “we have development targets (... ) everyone should be given their time for development
(...) some people are what we call brainstormers, who have a lot of ideas (...) [they] can signal
while assembling and say, ‘can we do it this way?’ (...) so that one feels involved, which I think is
important” (A-10).

The improvement proposals were handled in different ways according to the in-
terviewees, so were the organisations’ responses towards the proposals; for example, it
was described that work instructions were developed in collaboration with the operators:
“There are binders and instructions for every workstation (.. .) these are formed together with our
opinions. So I think these are as good as can be” (C-12). Having outdated work instructions
required enlarged effort to read and contributed to confusion while assembling, therefore
improving them on a regular basis could proactively diminish the risk of uncertainties.
Furthermore, participants in Case A mentioned the ability to influence the sequence of
the work tasks which improved performance and workflow, e.g., respondent A-09 who
mentioned having occasions for improving the task sequence at the workstation as well
as moving tasks between different workstations. Additionally, interviewees described
that having a supportive management team and receiving feedback on their improvement
proposals encouraged taking part in decision making and facilitated work performance.

Providing operators the possibility to influence the planning of work was also de-
scribed by the interviewees in all three cases as facilitating the performance and reducing
cognitive workload. For example, unwanted stress could be prevented by letting the opera-
tors prepare in terms of loading material and check that equipment is functional before
assembling: “I often try to start working a little before the line starts (...) If I start planning and
do it now instead of later when it becomes more stressful (...) I prepare tools (.. .) order something
that needs to be brought via forklift from supply” (B-15). Another example mentioned in Case
C was the possibility to plan work in order to successfully achieve the production goal and
simultaneously reduce stress: “sometimes we agree to work quickly, the first four hours before
lunch in order to avoid stress at the end of the day. Because we have a production goal, and we need
to reach it” (C-04).



Int. ]. Environ. Res. Public Health 2021, 18, 12282 17 of 30

Organisation of work

Work instructions

Improvement work

Task sequence

Participation in decision
making

Possibility to influence the planning of work

Manageable product
variability

|— Material quality and delivery
Design of work environment |— Placement of material close to the workstation

Only necessary and functional equipment

Figure 6. Resources regarding the organisation of work.

Manageable product variability was identified as important for creating workflow
and mitigating cognitive overload. As the cases mostly had moving lines with products of
a certain variation, the degree of difficulty varied and thus affected the operators’ strain: ”I
think it is good with a little variation, but when it is too much up and down it is not so good (. ..)
when it's a bit calmer, and then a bit harder (.. .) one stays active” (A-09). Participants described
that product variability should be distributed evenly in order to avoid peaks of demanding
assembly: “you feel how your energy drops faster if there are many difficult cars at the same time
during the whole day, instead of being spread out (. ..) so that we don’t have to feel that stress”
(B-13).

Design of the work environment was also emphasised in all three cases, as a factor
that contributed to reduction of cognitive demands. Interviewees mentioned that having
materials of the correct quality delivered on time was important for creating workflow and
could reduce the occurrence of disturbances: “when the material is in place, everything flows”
(B-05). It was also described among the participants that having material placed at the right
height with the right distance to the operators” workstations enabled easier movements:
“we had a colleague who sat and thought for a long time about how we could place the material in
a way that would make it easier for us to assemble (.. .) it revolutionised our way of assembling”
(A-04). In addition, striving to have only necessary and functional equipment was found
beneficial to the experience of workflow: “when the line works as it should without technical
problems, there is automatically a decent flow at the line” (C-05).

At the task level, five factors were identified that facilitated the operator’s perfor-
mance and reduced cognitive workload (see Figure 7). A well-balanced and well-planned
workstation that enabled a sense of calm and the feeling of having enough time to perform
the task was a good mitigator against cognitive overload. Over-balanced workstations
could result in stress and operators taking shortcuts which could further lead to personal
injuries and faulty assembly that reduced the quality of work. Therefore, sufficient time
to complete the work was considered crucial by the participants in all three cases: “good
assembly means (... ) that you have enough time. When everyone has an inner calm, when the pace
is not so overwhelming that you feel that you cannot keep up (...) if the person is intelligent and
starts taking short-cuts (.. .) short-cuts entail risks” (A-01).
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According to the participants in all three cases, having as few disruptions in the
work process as possible was essential for reducing cognitive workload, for example,
uninterrupted work processes enabled workflow: “I think that the work flows well when we
aren’t having any stoppages” (B-08). Moreover, some participants found anything outside
the standard of work to be a distraction that required extra time and effort, contributing to
stress: “everything beyond the standard takes extra time and creates more stress” (A-14).

Task variety was mentioned in all three cases as an important factor when handling
cognitive workload; it differed depending on what line operators were working at, and was
therefore not consistent for all workstations. To avoid the feeling of monotony, variation
in the tasks was vital: “there are many different varieties (. ..) we perform rather many different
tasks at each workstation, so we don’t get [the situation] that it becomes monotonous because you
stand and do the same movements all the time” (A-11).

Frequent work rotation was described to contribute to task variation, and could
additionally have a positive influence on the operators’ performance: “good rotation, so
that despite a high pace after a while, half an hour, you can do something else” (C-13). Achieving
a sufficiently frequent work rotation during a work shift was considered important to
uphold the assemblers’ focus and stimulation from the work itself: “just to give the brain a
different stimulus” (B-12). However, the rotation frequency differed a lot, both between but
also within the cases. In Case A, it was described that the rotation frequency depended on
whether colleagues knew the tasks at the workstation or not: “We try to rotate as much as
possible, but not everyone knows every station, so some of us need to skip [it]” (A-15).

According to participants from Cases A and B, creating simple assembly tasks was a
resource for assembly at task level. By enabling the operators to easily identify where to
mount their components enhanced their work performance, as having precision demanding
work tasks required heightened effort: “the optimal way is being able to directly visually see
where everything fits (...) then one doesn’t need to think about if it should be mounted here or
there” (B-01). Hence, a lower degree of precision demand was essential for reducing the
operators’ cognitive workload.

3.2.2. Social and Interpersonal Resources

Good social relations were considered to foster enthusiasm and a positive work en-
vironment: “Colleagues; that’s why we’re here, everyone is nice” (A-08). The participants
described that collegial cooperation and cohesion facilitated workflow, increased motiva-
tion and mitigated cognitive workload. Good fellowship between colleagues was described
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as a factor that led to good group dynamics and good communication (“good co-workers, our
group dynamic works incredibly well” (A-11)) that also increased motivation for being at work.
The social contribution to a positive work attitude was regarded as leading to increased
work performance. Participants described that they had fun while working together: “I
enjoy being with and having fun with my colleagues (. . .) we do our work, but also joke around”
(B-06). It was also described that a well-coordinated team enabled workflow: “it’s also that
we have a good team and that everyone does exactly what they should (.. .) then we get a good flow”
(C-04).

Asking colleagues for help to complete a task that exceeded one’s ability was described
as a facilitating resource when uncertainties occurred: “when you see the component, you
know that it should fit somewhere, but to double check I usually ask someone with more experience”
(B-01). Several interviewees stated that they preferred consulting a colleague to reading
instructions: “I've never had to use them, usually it just goes faster to ask someone who knows,
rather than go and read it” (C-05). Additionally, reminding each other in order to avoid
incorrect assembly during work was mentioned as a frequent behaviour: “I'd rather ask
than make mistakes (. ..) people are very good at this place, so that if someone notices that you make
a mistake or so, they tell you” (C-03). Moreover, some interviewees said that working faster
than the pace enabled them to assist their colleagues, “If you keep it up you can (...) finish
your task and thereafter help others (. ..) I have a very good work team who help each other” (A-10).

Apart from receiving help from colleagues, Cases A and B had a support system
called Andon, where the assemblers could signal and receive help from another assembler
to complete work tasks: “when you do not always remember when something appears wrong.
There are so many different faults (.. .) we have Andon in all departments” (B-05). It was also
mentioned that the companies tried to have personnel resources at standby to step in and
assist with demanding work tasks: “there is either an Andon or a team leader at standby and
ready to help if needed (. ..) we have resources that are available, so we place them in positions to
support [us] if things get rough” (A-11).

3.2.3. Cognitive Support

Different types of support were identified to facilitate cognitive performance and
notably these were generally perceived as sufficient and satisfactory by the interviewees in
all three cases: “I often think they are very good as they are. It is very important that they exist if
you are insecure” (B-15). Several types of memory support were used to assist the operators
in preventing incorrect assembly. This was for instance done visually by providing signals
in the form of lamps to indicate if the assembler had performed the work step correctly
or in the correct order: “you can see on the computer in which step you should do [the tasks]
and if you, for example, forget to tighten a screw the computer shows red. The same goes for the
electric screwdriver where there are lamps that indicate if the screw is tightened or not” (C-03). In
addition, the visual support pick-to-light, lamps indicating which component to assemble
and when, was mentioned by the interviewees to avoid both incorrect assembly as well as
the risk of uncertainty while working.

In Cases A and B, the participants described that markings such as arrows or colours
were used to facilitate assembly: “we have screws of different length, and they are colour coded”
(A-09). Another memory support mentioned in Cases A and C was a quality alarm, used
to detect incorrect or unperformed assembly tasks by hindering the moving line, thus
preventing the operators from continuing assembly: “a system with detectors, so that you
cannot go ahead with the sequence if you don’t finish a certain task, so that way they quarantee that
we assemble correctly” (A-04).

Each case used different kinds of memory support solutions that were unique to them.
In Case A, scanners were used to help remembering: “we have a scanner, so if you use it, it’s
impossible to forget” (A-15). Another memory support used in Case A was a type of screen
technology that also reminded the assembler and facilitated their cognitive performance:
“[screens] that tells you when you are finished by turning green. Then the task is checked off and
the line continues” (A-08, A-10). Moreover, receiving pre-kitted boxes with materials was
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an appreciated resource in Case B. According to participant B-10 the components were
marked and placed correctly in their carts which enabled workflow during assembly, both
in terms of knowing how to place the components and ensuring that the correct number
of components were mounted. It was also mentioned by the interviewees in Case B that
computers were used to assist in detecting electrical errors: “We have a computer that scans
for electrical problems, so often (.. .) we get a printed document from our colleagues at line showing
what is wrong” (B-06). Vision cameras were used to assist in finding errors and alert the
personnel in Case C. According to the participants these could detect most of their errors,
thus this was perceived to be an essential resource to prevent incorrect assembly: “The
memory aids are the cameras, I guess (.. .) it is very difficult to get anything wrong because we
have these cameras (. ..) that control” (C-08) and “I think it identifies faults by vision up to 98%”
(C-13, C-15).

Another cognitive support was work instructions, presented at each workstation on
paper in a binder and sometimes also digitally through a computer or screen to refresh the
assemblers’ memory. Having work instructions contributed to ensuring that operators fol-
lowed the standards, and therefore it was highlighted by the interviewees as an important
resource: “We have everything documented in binders at each station, describing the work method
that we follow (. ..) it doesn’t matter if there are ten different assemblers, they should all work the
same way. That is how we are trained” (A-03). The interviewees also described that work
instructions should be precise and easy to read to facilitate usage and upholding workflow.
All cases had several kinds of instructions where the level of detail varied as well as the
format in terms of visualization and text: “there is a binder with different standardisations on
what to do and how (.. .) there are pictures of the models from above, from below, from the side”
(C-06). Moreover, it was emphasised that the instructions were developed to accommodate
even inexperienced assemblers to ensure correct assembly: “it should be possible for people
who don’t know how to read these and be able to build afterward” (B-16).

3.2.4. Individual Resources

The individuals themselves could also influence their ability to handle the workload:
“If you can work more efficiently, you do it” (C-01). Level of experience was mentioned in
all three cases as impactful on work performance; interviewees expressed how feeling
relaxed and being skilful while assembling contributed to workflow: “I very seldom feel that
I have to hurry. This has a lot to do with experience (.. .) one feels rather relaxed (...) you know
exactly where everything is. I can almost stand there and close my eyes and assemble nowadays”
(A-06). Being focused and having the mindset of trying to assemble with as high quality as
possible was another common factor affecting the assemblers’ performance positively: “A
good assembly, that is essentially doing your best in the time you've got” (B-09). Participants in
all three cases also described that taking time for self-checks enabled them to avoid further
adjustments requiring extra effort: “you should check the car after assembling (...) then you
can find those errors” (B-19).

Memory training was further identified as facilitating the assembling performance as
it mitigated cognitive overload: “When I stand at the workstation, I no longer think, I just work
(...) As I have trained my muscle memory and it sticks” (A-03). Additionally, interviewees
mentioned that finding routines enabled the operators to incorporate their skills: “Foremost
you find routines. That this is my way of working at this workstation and then you always follow
the same pattern, and then it becomes part of your muscle memory” (C-05). Interviewees in Cases
A and B highlighted that writing down notes was a helpful method to avoid forgetting
things: “I also have a note-book, otherwise you cannot remember everything” (B-03).

4. Discussion

The aim of this study was to gain an increased knowledge about assembly workers’
cognitive/mental workload conditions. Based on a qualitative multi-case study, this
paper has mapped contextual job demands and resources that influence cognitive/mental
workload, well-being and performance in assembly work from three industrial cases.
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The identified demands as well as resources are distributed at different levels within
the entire manufacturing system, from organisational design down to individual worker
characteristics. The differentiations found between job demands and resources were mostly
compatible with the sub-categorizations in Bakker and Demerouti’s model [29].

4.1. Reflections on Findings and Literature Comparison

Despite much of their focus being on physical demands, we find that industrial as-
semblers face a variety of cognitive/mental demands when performing their assembly
work. Several of our findings echo previous literature—often in relation to outcomes on
quality—such as the effects of high product assembly complexity on corrective adjust-
ment costs [1,49], the combination of alertness (as a function of the time of day) and task
complexity combined with time pressure [50], presentation of materials affecting time pres-
sure and quality [16], and conditions for on-boarding and on-the-job training, including a
combination of instructions and learning assembly alongside an experienced colleague [17].

Interestingly, in another interview study with experienced assembly operators, “psy-
chologically demanding” tasks (where the wording was chosen in accordance with the
term used by interviewees) were associated with product quality deficiencies, in that “an
important factor for job satisfaction was the possibility for the workers to perform their tasks with
high quality” [51] (p. 15), and that assemblers felt irritation when components were a
bad fit—all of these factors are mentioned in our study, and appear confirmed. A social
sustainability KPI instrument by Scafa et al. [15] also covers a number of our identified
cognitive demands and resources from individual, organisational and workplace design
perspectives, labelling demands as “risks” (e.g., Precise and fine movements; Task variety;
Task repetitiveness; Work rhythm; Shift management; Decision-making autonomy; Work
relationships; Lack of skills; Lighting; Noise; Functionality of work equipment; Lacking
or complex work instructions) and resources as “corrective actions” (e.g., Optimize the
workflow; Workload balancing; Limit giving workers tasks that under-utilize their skills;
Rotate tasks and schedules; Give workers some control over the way they do their work;
Training programs according to workers’ skills; Pairing with expert workers in the event of
new roles/tasks; Provide best-practices to better execute tasks).

The results indicate that the participants, when prompted, perceived many different
resources that influenced their cognitive performance. Remarkably, all three case companies
provided ample resources that reduced the cognitive workload, even though the companies’
intentions were mostly to increase assembly quality and reduce errors.

Towards a similar end goal, shortened task sequences were intended by companies to
reduce the demand of having to learn and memorise an enlarged amount of information,
but by only allowing the assemblers to know a selected part of the entire product, their
overall picture and understanding of why to assemble in a certain way became limited. This
constitutes a goal conflict between decreased memory load and enabling an understanding
of the entire product. Earlier findings [1,49] state that handling several complex operations
is cognitively demanding and aggravates the failure rate; thus, the strategy of shorter
sequences appears partially supported in the literature (as this demands less memorisation).
Despite the cases’ differences in terms of corporate culture and company maturity (e.g.,
with regard to offering formalised training), most types of provided resources were similar.
Workplace design and tool resources tended to share similar intended outcomes, although
they varied in principle and technology type.

The findings indicate interrelations between cognitive loading and physical aspects,
as well as assemblers’ ideas about the physicality of the work, both in the short and long
term. Physically demanding tasks without sufficient ergonomic support seemed to lead to
both exhaustion and depletion of cognitive resources. Social resources could help buffer
the cognitive workload, while work-environmental and organisational demands, such as
noise, sub-optimal workstation design and inadequate staffing, training or instructions
increased cognitive demands. Thus, to examine what affects cognitive performance in
industrial assembly, a holistic consideration of working conditions is required.
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Several job demands and resources are tightly interlinked, to the point of often being
two sides of the same coin: if a particular type of resource is deemed insufficient or missing,
its absence often constitutes a perceived (cognitive/mental) demand. Conversely, certain
demands were perceived by some interviewees as positive performance challenges. This
response relies mainly on the individuals’ resources and attitudes. This reflects a known
conundrum with the JD-R model: a negatively appraised resource may be seen as a threat
and can be classified as a demand, while a positively valued demand can be seen as an
appreciated challenge, and thereby classified as a resource [52].

In cases where individual experience and capability is the main resource that allows
coping with demands, we see a risk that companies may enter a slippery slope and rely too
much on recruiting a certain type of personnel that fits in and adapts to challenges, instead
of striving for diversity and discovering improvement potentials. To achieve an inclusive,
equitable work environment, it is important that companies design environments to fit
individuals with different abilities and pre-conditions, and avoid having environments
that only match particular abilities and coping strategies.

4.2. Methodological Quality Assurance

A strength of our study is the triangulation between three different companies with
varying levels of production complexity and different organisational cultures. Therefore,
we were able to establish a broad picture of the work conditions in assembly work, and its
specific demands and resources with a focus on cognitive performance.

Several strategies were used to ensure the quality of this qualitative study. First,
the research results were discussed iteratively and thoroughly within the research group
throughout the analysis to avoid biases [53]. One of the aspects that we resolved during
these discussions was with respect to the JD-R model as mentioned above. Second, the
findings were presented to representatives at each of the companies to confirm the results,
complement missing issues and avoid misinterpretations (cf. [53]). Third, to ensure the
trustworthiness of our findings, we provided rich descriptions and direct quotes from
our data [53]. Our study employs several of the design strategies and techniques listed
by Riege [54] to establish qualitative case study validity and reliability, such as (but not
limited to) Establishment of a chain of evidence; Reviewing of drafts by case company
representatives; Within- and cross-case analysis; Definition of scope and boundaries in the
design phase; Use of multiple researchers; Mechanical data recording; and Peer debriefing
([54] pp. 82-83).

4.3. Study Limitations

Some limitations of our study are discussed here. Firstly, the purpose of carrying out
interview-based qualitative studies is to provide a deeply context-specific, rich account of
each interviewee’s perspective of a situation [55]. Therefore, some degree of subjectivity is
inherent in the method [44,56], particularly when using interview techniques to understand
the psychological reality of others [57]. Some influences can also stem from the researchers
themselves; we therefore completed a COREQ checklist [42] to clarify the research team’s
background, experience and research interests, to make transparent our discipline-related
and theoretical point of departure.

Although we deliberately focused the interview questions (and hence this paper) on
cognitive aspects, the participants clearly described assembly work as “more physical
than mental” and recognised physical loading as the main source of strain. Although
the original JD-R model includes physical aspects, we delimited these from our reporting
and used the model as a framework to organise the purely cognitive/mental aspects of
assembly work. However, since the awareness of physical loading is a significant part of
the mental experience of assembly work, we want to emphasise that its influence remains
very important.

The participants seemed to have a limited knowledge of what constituted the cognitive
aspects of assembly work and used a limited, informal vocabulary to approach this complex
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phenomenon. Furthermore, since the mental workload concept (in literature) implies that
the physical and cognitive sensations of work interact with each other, it seemed consistent
that assemblers struggled to clearly distinguish between the two. This tendency had been
anticipated following early-stage conversations with the contact person at each company,
where the issue of how to speak about something as intangible as cognitive ergonomics had
been brought up. This resulted in a study design where, rather than asking generally about
“cognitive loading”, the questions in the semi-structured interview guide (Appendix A)
targeted more tangible issues (informed by literature studies) of cognitive/mental loading
in manufacturing contexts, e.g., memory demands, distractions, teamwork and frustration.
In this way, the interview results were able to sidestep any potential lack of understanding
of the concept cognitive/mental loading.

Due to practical study constraints, which limited the time available for speaking to
company employees, our interview sample did not target managers and supervisors (oz,
indeed, management and leadership questions). Interviewing these roles could have en-
riched the study, particularly regarding the organisational aspects of assemblers’ resources
for handling cognitive/mental demands.

4.4. Practical Implications

A clear implication from this study is that no single role or stakeholder in a manu-
facturing system bears the sole responsibility to address the problem of unsuitable cog-
nitive/mental workload; because the problem is systemic, so is the solution, meaning
that improvement potentials exist at both micro- and macro levels, and that resilience of
the entire system can be reinforced both with individual-focused interventions, such as
training and skills development, as well as through systemic characteristics, such as design
solutions in the workplace, organisational structures and beneficial collegial interactions.
The responsibility for identifying demands at various levels in the organisation and ad-
dressing them with improvements or interventions therefore appears distributed across
many different roles. Early phases of product and production design, where design and
manufacturing engineers are involved, are considered to be the most optimal and cost-
effective stages for proactive ergonomics action [58,59]. However, proactive interventions
in production have predominantly been considered from a physical perspective, and less
so from a cognitive/mental loading perspective. The mapping of demands and resources
provided in this paper can be used both for reactive and proactive intervention purposes.
Specifically, the results can be used as a risk assessment guide with a focus on cognitive
ergonomics, applied for evaluation of both existing assembly lines and production concepts
in design processes.

Rather than try to balance all cognitive /mental workload demands at one particular
phase in the product/production development process, we argue that companies can
benefit from a broader view of what a cognitive resource can be, and who or what can
supply it. For example, recognizing that clear and easy-to-read instructions are an impor-
tant resource may result in a more assembler-centred focus when tasking manufacturing
engineers with creating instructions, while recognizing social collegial interactions as a
resource for assembling well might be valuable for a Human Resources role to reinforce.

Furthermore, the unsuitable cognitive/mental workload problem is itself a moving
target within a highly adaptive socio-technical system: although individual assemblers may
encounter demands, they often find individual or collective strategies and “tricks of the
trade” to meet those demands. However, relying entirely on individuals’ capacity to cope
with demands may be a slippery slope: companies should avoid the detrimental trade-off
where assemblers sacrifice their long-term well-being, safety, engagement and motivation
to “get the job done” in the short term. Their perseverance coupled with dissatisfaction
appears conducive to wanting to leave the profession as an assembler, which is a cost and
a knowledge loss for companies.

Finally, it appears wise to not completely separate the physical from the cogni-
tive/mental workload; although this paper has adopted a very intentional focus on mental
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aspects to give it dedicated attention, re-incorporating the interactions between the phys-
ical and mental experience of assembly work remains a highly relevant endeavour (as
elaborated by, e.g., the authors in [7,60-63]).

4.5. Future Work

Some directions for future work using the present results could include deeper explo-
ration of some of the emergent themes, a cross-case analysis, and possibly looking closer at
how case characteristics such as company size, complexity of the products or workstations,
the procedure of onboarding/training of new assemblers, etc., could have influenced the
results. Our present study refrains from quantifying the exact numbers of respondents
who provided statements towards a particular theme, since reporting under the JD-R
framework is already quite complex and lengthy (and because interviewees responded to
the questions at very different degrees of detail). A pure cross-case analysis could be a good
opportunity to draw on the explanatory power of mentioning the numbers of respondents
adding insights to each theme; however, counting in qualitative studies is not entirely
uncontroversial [64].

Another possibility would be the creation of a method, guide or checklist tool from
this more holistic perspective. Many different methods for mapping cognitive and/or
mental workload already exist (e.g., [13,19,65-71]), but the vast majority of them avoid
combining multiple demand/resource factors with a multi-level (micro to macro) responsi-
bility perspective. It would in that case be crucial to define which roles in a manufacturing
organization are to be involved in the use of the tool, as the broad scope of what would be
considered a cognitive demand and/or resource could befall very different areas of respon-
sibility. Nevertheless, an organisation-wide coordinated effort to recognise and address
cognitive/mental workload issues could increase general awareness of the importance of
the topic, as well as reinforce assembler willingness to stay on in the profession.

On a research-related note, mapping the different demands and resources is a first
step towards more advanced analyses of how these system elements interact; an interesting
avenue going forward might be to employ Necessary Condition Analysis [72] to try and
define which of the identified demands and resources are necessary and sufficient (present
or absent) conditions for a particular desirable or undesirable outcome. This methodology
has been used in a manufacturing context before [73]. Such a study would for our purposes
require additional data collection and a new study design. One caveat towards this idea
may be that some desirable states of “cognitive resilience” from the assembler perspective
may be on a continuum, and vary with regard to the individual’s skill development, rather
than a question of presence/absence. However, the more systemic and organisational
aspects might be worth exploring, as this could be a step towards justifying more impactful
system interventions to optimise cognitive/mental workload. A further development from
there-on might involve the verification of related constructs using e.g., surveys (to explore
possible directional relationships between demands, resources and outcomes) followed by
Exploratory or Confirmatory Factor Analysis.

5. Conclusions

In this study, demanding work conditions and facilitating factors were identified in
industrial assembly work and results were organised using the JD-R model. The cate-
gorisation of demands and resources at different levels within an organisation, from the
organisation at large to the individual level, clarifies that achieving a well-balanced work-
load cannot be handled at one organisational level in isolation, but requires collaboration
and action within the entire organisation.
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A clear connection between demands and resources was emphasised during the
interviews as creating proper conditions for the assemblers while working; demands
and resources are often two sides of the same coin. A well-thought-out setup, good
group cooperation and stimulating work tasks are some of the resources that can mitigate
cognitive over- or underload, whereas disturbances, dysfunctional group dynamics and
unbalanced work tasks sub-optimise the cognitive load.

Therefore, we propose that a sustainable level of cognitive workload in assembly work
is a state of balance between different types of (i) work demands that keep assemblers alert
and engaged with their cognitive work tasks, matching their skill level and maintaining a
sense of control; and (ii) work resources that provide the necessary training, instruction, tools
and support from colleagues and supervisors. A sustainable cognitive workload should
enable assemblers to perceive relevant signals from the assembly situation; recognise,
process and interpret them; and make timely and appropriate decisions for action, despite
daily variations with respect to mental loading factors such as emotional state, frustration
levels and even the time of day. This knowledge should enable companies as a whole to
provide optimal working conditions for assembly workers.
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Appendix A

Interview guide for assemblers (translated into English from Swedish).

Section

Interview Questions/Script

Introduction script

(the interviews were originally
held in Swedish; this interview
quide has been translated to
English by a native-

speaker author)

Hello, and thank you very much for agreeing to be interviewed for our study! We are grateful for
your contribution and insights.

I want to start by asking: have you received sufficient information about the study, what it is
about, and how your data will be handled, or do you want me to give you a brief overview?
[if not, read script below]

We who are carrying out the study are a group of work environment researchers from Chalmers
University of Technology, who want to investigate what a good cognitive work environment
looks like when assembling complex products. Cognitive work environment is about the
conditions that affect your possibility to understand how to do a job, and how to do it in a good
enough way.

The result we hope to produce is a guideline that helps product design engineers, manufacturing
engineers, workplace designers and supervisors to realize in time when a cognitive work
environment can place too-high or too-low demands on assembly.

Both too-high or too-low cognitive loading can be harmful, as it is neither good to be stressed and
overwhelmed, nor to be bored and unfocused. The assembly may suffer either way. Our work
aims to create workplaces where it is “easy to do the right thing, and to do that thing right”.

When we interview you, we will ask questions about what is included in your work tasks, what
you have been given the conditions to cope with them, what you find challenging, and what
helps you to do your tasks correctly.

Do you have any questions you want to ask?

OK, then I would first like to remind you that all interviews will be de-identified and handled
confidentially, and that only the research team at Chalmers will take part of the raw interview
material. You can stop your participation in the interview whenever you want.

The first question is: is it OK for me to start audio recording now?
[If Yes, start audio recording]

Background information(this
information is likely to be
collected from the workplace
management before the interview,
to save time. The interviewee may
confirm that the

information is correct.)

In general, this part is NOT
transcribed.

Firstly: can you confirm if the following background information is correct for you?
[show the participant data on paper, let them correct if necessary]

Name?
[only to be able to give feedback at the next interview and be able to double-check answers]

Age and number of years of employment/experience?
[only to be able to seek common features in the answers from all companies, among interviewees of
similar age]

Training time before working independently? How is work handed over during job rotation?
How is work handed over when changing shifts?

Time/cycle times where you work now?

A normal working day

1. What does a normal working day look like for you? (What tasks do you do, what tools and aids
do you use when assembling?)

2. How many different stations have you mastered, and how often do you change/rotate
between them?

3. Canyou give some examples of tasks you do very often (as an assembler), and tasks that
are done less often?

4. Are there any work steps that feel both physically and mentally demanding?

5. Can you describe how you feel about your assembly work here? (Are you satisfied with going
to work, do you feel satisfied on the job, does it feel stimulating/boring, positive/negative?)

6.  How is your stamina/energy level after a working day?
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Section Interview Questions/Script

7. How did you learn to become an assembler? (education, training, working alongside a
colleague, etc.)

8.  How long did it take before you felt you could do your job independently?

9. Do you feel confident in being able to perform your work as an assembler in all situations?

10. How often do you need to learn new assemblies or working methods?

The assembler’s own
preconditions and resources 11.  How do you prefer to learn new assemblies, now that you are working?

12. What makes your work flow well? (How often/on what occasions do you experience a good flow
in your assembly work?

13.  What can keep your work from flowing? (How often/on what occasions do you experience poor
work flow?)

14. Do you usually manage to perform as is expected of you?

15.  Can you plan your work and influence the work setup in advance? (How is that done?)

16. How would you describe the cognitive load in your work (By this we mean, how you
understand what to do and how to act on cues—do you often need to reason, interpret, concentrate,
remember, make decisions)?

17.  Does anything make the assembly strenuous or frustrating?

18.  What would you say characterizes a good and a poor assembly setup, respectively?

19.  Are there work steps that are possible to forget?

20. Do you need to keep a lot of information in mind when you work? Are there any

Challenges for the assembler memory aids?

caused by the work tasks and

the workplace 21.  What kinds of assembly instructions are there? (Do you use them, if so why/why not? Do you
have thoughts on how they could be improved?)

22.  Are there any sources of stress at work?

23.  Are there distractions in the work environment?

24. Is there any disturbance from the environment (eg. disturbing noises, lack of or glaring light,
reflections, vibrations, climate)

25. Do you feel that you get variation in the tasks?

26. Do you have any “tricks” at work to make it easier for yourself?

27. Do you “work up” (work faster than the intended pace) in your assembly team? If so, why
and when?

28. Is any part of the assembly/product difficult to see properly, or interpret (both assembly

Challenges for the assembler details and any text)?
caused by the product 29. Do you think that the design engineers should have designed something differently in the
product to make your work easier?(In that case, do you want to suggest any change?)

30. Is there a forum at your workplace to capture and make use of your ideas/suggestions for
improvement?

31. What currently makes you want to continue working as an assembler?

Future/the long run 32. Do you see any possible reasons to quit as an assembler?

33. Do you think you would like to continue working as an assembler here even when you get
older (until retirement)? What do you think would be needed to cope with this?

34. Do you think you will be able to cope with the current work schedule and pace, even as you

grow older?
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Section Interview Questions/Script

Wrap-up script

Would you consider participating in a very short follow-up interview on the phone in a few
weeks if needed, where I will ask whether you have gained any new insights while working or
thinking about the questions afterwards? We expect it to take no more than 5-10 min, and as a
thank you for volunteering in your spare time, we will send you a cinema ticket voucher to your
home address.

[If Yes—exchange contact information with the assembler (email, home address and telephone) and say
that we will contact them by email for follow-up.]

In that case it’s time to round off—do you want to add or ask anything?

Thank you, this concludes the interview for now and I and my colleagues thank you so much for
sharing your experience, it has been a great pleasure to meet you!

° We will transcribe your answers and anonymize the written material so that no answers can
be traced directly to you, and all material is kept confidential.

o  (If the assembler agrees to follow-up) In order for me to be able to contact you for follow-up, I
would like to ask for some contact information so I can follow up, as well as an address to
send a movie ticket to as a thank you. Once sent, we will delete all your contact info.

e  When the project is completed, all participating companies will receive the overall result.

If you have any questions or come up with something that you missed to say, there is the
opportunity to raise it the next time or contact me (provide contact info).

References

1. Falck, A.C; Ortengren, R.; Rosenqvist, M. Assembly failures and action cost in relation to complexity level and assembly
ergonomics in manual assembly (part 2). Int. J. Ind. Ergon. 2014, 44, 455-459. [CrossRef]

2. Falck, A.C.; Rosenqvist, M. A model for calculation of the costs of poor assembly ergonomics (part 1). Int. J. Ind. Ergon. 2014, 44,
140-147. [CrossRef]

3.  Zare, M,; Croq, M.; Hossein-Arabi, F.; Brunet, R.; Roquelaure, Y. Does ergonomics improve product quality and reduce costs? A
review article. Hum. Factors Ergon. Manuf. Serv. Ind. 2016, 26, 205-223. [CrossRef]

4. Young, M.S.; Brookhuis, K.A.; Wickens, C.D.; Hancock, P.A. State of science: Mental workload in ergonomics. Ergonomics 2015, 58,
1-17. [CrossRef] [PubMed]

5. International Ergonomics Association. What Is Ergonomics? 2000. Available online: https://iea.cc/what-is-ergonomics/
(accessed on 11 November 2021).

6.  Andreasson, R,; Lindblom, J.; Thorvald, P. Interruptions in the wild: Portraying the handling of interruptions in manufacturing
from a distributed cognition lens. Cogn. Technol. Work 2017, 19, 85-108. [CrossRef]

7. Kolbeinsson, A.; Thorvald, P.; Lindblom, J. Coordinating the interruption of assembly workers in manufacturing. Appl. Ergon.
2017, 58, 361-371. [CrossRef] [PubMed]

8.  Kolbeinsson, A.; Lindblom, ]J. Mind the Body: How Embodied Cognition Matters in Manufacturing. Procedia. Manuf. 2015, 3,
5184-5191. [CrossRef]

9. Modig, N.; Ahlstrtjm, P. This Is Lean: Resolving the Efficiency Paradox; Rheologica: Stockholm, Sweden, 2012.

10. Gajewski, P.D.; Wild-Wall, N.; Schapkin, S.A.; Erdmann, U.; Freude, G.; Falkenstein, M. Effects of aging and job demands on
cognitive flexibility assessed by task switching. Biol. Psychol. 2010, 85, 187-199. [CrossRef]

11.  Boenzi, F; Mossa, G.; Mummolo, G.; Romano, V. Workforce aging in production systems: Modeling and performance evaluation.
Procedia Eng. 2015, 100, 1108-1115. [CrossRef]

12.  Stedmon, A.W.; Howells, H.; Wilson, ].R.; Dianat, I. Ergonomics /human factors needs of an ageing workforce in the manufacturing
sector. Health Promot. Perspect. 2012, 2, 112.

13. Zaeh, M.E; Wiesbeck, M.; Stork, S.; Schubd, A. A multi-dimensional measure for determining the complexity of manual assembly
operations. Prod. Eng. 2009, 3, 489-496. [CrossRef]

14. Azizi, N.; Zolfaghari, S.; Liang, M. Modeling job rotation in manufacturing systems: The study of employee’s boredom and skill
variations. Int. J. Prod. Econ. 2010, 123, 69-85. [CrossRef]

15. Scafa, M.; Papetti, A.; Brunzini, A.; Germani, M. How to improve worker’s well-being and company performance: A method to
identify effective corrective actions. Procedia CIRP 2019, 81, 162-167. [CrossRef]

16. Brolin, A.; Thorvald, P,; Case, K. Experimental study of cognitive aspects affecting human performance in manual assembly. Prod.
Manuf. Res. 2017, 5, 141-163. [CrossRef]

17.  Johansson, P.E.; Eriksson, G.; Johansson, P.; Malmskold, L.; Fast-Berglund, A.; Moestam, L. Assessment Based Information Needs

in Manual Assembly. DEStech Trans. Eng. Technol. Res. 2018, 366-371. [CrossRef]


http://doi.org/10.1016/j.ergon.2014.02.001
http://doi.org/10.1016/j.ergon.2013.11.013
http://doi.org/10.1002/hfm.20623
http://doi.org/10.1080/00140139.2014.956151
http://www.ncbi.nlm.nih.gov/pubmed/25442818
https://iea.cc/what-is-ergonomics/
http://doi.org/10.1007/s10111-016-0399-6
http://doi.org/10.1016/j.apergo.2016.07.015
http://www.ncbi.nlm.nih.gov/pubmed/27633233
http://doi.org/10.1016/j.promfg.2015.07.576
http://doi.org/10.1016/j.biopsycho.2010.06.009
http://doi.org/10.1016/j.proeng.2015.01.473
http://doi.org/10.1007/s11740-009-0171-3
http://doi.org/10.1016/j.ijpe.2009.07.010
http://doi.org/10.1016/j.procir.2019.03.029
http://doi.org/10.1080/21693277.2017.1374893
http://doi.org/10.12783/dtetr/icpr2017/17637

Int. ]. Environ. Res. Public Health 2021, 18, 12282 29 of 30

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Galy, E.; Cariou, M.; Mélan, C. What is the relationship between mental workload factors and cognitive load types? Int. ].
Psychophysiol. 2012, 83, 269-275. [CrossRef]

Falck, A.C.; Tarrar, M.; Mattsson, S.; Andersson, L.; Rosenqvist, M.; S6derberg, R. Assessment of manual assembly complexity: A
theoretical and empirical comparison of two methods. Int. ]. Prod. Res. 2017, 55, 7237-7250. [CrossRef]

Stork, S.; Schubo, A. Human cognition in manual assembly: Theories and applications. Adv. Eng. Informatics 2010, 24, 320-328.
[CrossRef]

Wickens, C.D.; Carswell, M. Information Processing. In Handbook of Human Factors and Ergonomics; Salvendy, G., Karwowski, W.,
Eds.; John Wiley & Sons Inc.: Hoboken, NJ, USA, 2021. [CrossRef]

Chapanis, A. Human Mental Charateristics. In Human Factors in Systems Engineering; John Wiley & Sons Inc.: Toronto, ON,
Canada, 1996; pp. 206-259.

Sweller, ]. Cognitive load theory, learning difficulty, and instructional design. Learn. Instr. 1994, 4, 295-312. [CrossRef]

Sweller, ]. Cognitive load during problem solving: Effects on learning. Cogn. Sci. 1988, 12, 257-285. [CrossRef]

Klepsch, M.; Seufert, T. Making an Effort Versus Experiencing Load. Front. Educ. 2021, 6, 1-14. [CrossRef]

Van Acker, B.B.; Parmentier, D.D.; Vlerick, P; Saldien, ]. Understanding mental workload: From a clarifying concept analysis
toward an implementable framework. Cogn. Technol. Work 2018, 20, 351-365. [CrossRef]

Hockey, G.R.J. Compensatory control in the regulation of human performance under stress and high workload: A cognitive-
energetical framework. Biol. Psychol. 1997, 45, 73-93. [CrossRef]

Hollnagel, E. The ETTO Principle: Efficiency-Thoroughness Trade-Off: Why Things That Go Right Sometimes Go Wrong, 1st ed.; CRC
Press: Boca Raton, FL, USA, 2009. [CrossRef]

Bakker, A.B.; Demerouti, E. The Job Demands-Resources model: State of the art. J. Manag. Psychol. 2007, 22, 309-328. [CrossRef]
Bakker, A.B.; Demerouti, E.; Euwema, M.C. Job resources buffer the impact of job demands on burnout. J. Occup. Health Psychol.
2005, 10, 170. [CrossRef]

Schaufeli, W.B.; Bakker, A.B. Job demands, job resources, and their relationship with burnout and engagement: A multi-sample
study. J. Organ. Behav. Int. ]. Ind. Occup. Organ. Psychol. Behav. 2004, 25, 293-315. [CrossRef]

Bakker, A.; Demerouti, E.; Schaufeli, W. Dual processes at work in a call centre: An application of the job demands-resources
model. Eur. J. Work Organ. Psychol. 2003, 12, 393-417. [CrossRef]

Lewig, K.A.; Dollard, M.F. Emotional dissonance, emotional exhaustion and job satisfaction in call centre workers. Eur. |. Work
Organ. Psychol. 2003, 12, 366-392. [CrossRef]

Kaiser, S.; Patras, J.; Adolfsen, F,; Richardsen, A.M.; Martinussen, M. Using the Job Demands—Resources Model to Evaluate
Work-Related Outcomes Among Norwegian Health Care Workers. SAGE Open 2020, 10, 1-11. [CrossRef]

Mojtahedzadeh, N.; Wirth, T.; Nienhaus, A.; Harth, V.; Mache, S. Job Demands, Resources and Strains of Outpatient Caregivers
during the COVID-19 Pandemic in Germany: A Qualitative Study. Int. ]. Environ. Res. Public Health 2021, 18, 3684. [CrossRef]
Babapour Chafi, M.; Rolfg, L. Policies in Activity-based Flexible Offices-‘I am sloppy with clean-desking. We don’t really know
the rules’. Ergonomics 2019, 62, 1-20. [CrossRef]

Morrison, R.L.; Macky, K.A. The demands and resources arising from shared office spaces. Appl. Ergon. 2017, 60, 103-115.
[CrossRef] [PubMed]

Hakanen, ]J.J.; Bakker, A.B.; Schaufeli, W.B. Burnout and work engagement among teachers. J. Sch. Psychol. 2006, 43, 495-513.
[CrossRef]

Demerouti, E.; Nachreiner, F.; Bakker, A.B.; Schaufeli, W.B. The job demands-resources model of burnout. J. Appl. Psychol. 2001,
86,499-512. [CrossRef]

Cullinane, S.-J.; Bosak, J.; Flood, P.C.; Demerouti, E. Job design under lean manufacturing and the quality of working life: A job
demands and resources perspective. Int. . Hum. Resour. Manag. 2014, 25, 2996-3015. [CrossRef]

Schreurs, B.; van Emmerik, H.; De Cuyper, N.; Notelaers, G.; De Witte, H. Job demands-resources and early retirement intention:
Differences between blue-and white-collar workers. Econ. Ind. Democr. 2011, 32, 47-68. [CrossRef]

Berlin, C.; Falck, A.-C.; Wollter Bergman, M.; Chafi, M.B.; C)rtengren, R. COREQ Checklist for the Research Project PreKo, 2018—
2021. 2021. Available online: https:/ /research.chalmers.se/publication/?created=true&id=959369c4-4c74-4e00-9273-e0ff61e7afdf
(accessed on 8 October 2021).

Tong, A.; Sainsbury, P; Craig, J. Consolidated criteria for reporting qualitative research (COREQ): A 32-item checklist for
interviews and focus groups. Int. J. Qual. Healh Care 2007, 19, 349-357. [CrossRef]

Yin, RK. A (very) brief refresher on the case study method. In Applications of Case Study Research; SAGE Publications: Thousand
Oaks, CA, USA, 2012; pp. 3-20.

Ragin, C.C.; Becker, H.S. What Is a Case? Exploring the Foundations of Social Inquiry; Cambridge University Press: Cambridge, UK,
1992.

Eisenhardt, K.M.; Graebner, M.E. Theory building from cases: Opportunities and challenges. Acad. Manag. J. 2007, 50, 25-32.
[CrossRef]

Sweden Statistics. The Swedish Occupational Register with Statistics (ISSN 1654-2894 Serie AM—Arbetsmarknad). 2018.
Available online: https://www.scb.se/contentassets /b49d7efc26534578179f18461d2bf38 /am0208_2018a01_sm_am33sm2001.pdf
(accessed on 11 October 2018).

Braun, V.; Clarke, V. Using thematic analysis in psychology. Qual. Res. Psychol. 2006, 3, 77-101. [CrossRef]


http://doi.org/10.1016/j.ijpsycho.2011.09.023
http://doi.org/10.1080/00207543.2017.1330571
http://doi.org/10.1016/j.aei.2010.05.010
http://doi.org/10.1002/9781119636113.ch5
http://doi.org/10.1016/0959-4752(94)90003-5
http://doi.org/10.1207/s15516709cog1202_4
http://doi.org/10.3389/feduc.2021.645284
http://doi.org/10.1007/s10111-018-0481-3
http://doi.org/10.1016/S0301-0511(96)05223-4
http://doi.org/10.1201/9781315616247
http://doi.org/10.1108/02683940710733115
http://doi.org/10.1037/1076-8998.10.2.170
http://doi.org/10.1002/job.248
http://doi.org/10.1080/13594320344000165
http://doi.org/10.1080/13594320344000200
http://doi.org/10.1177/2158244020947436
http://doi.org/10.3390/ijerph18073684
http://doi.org/10.1080/00140139.2018.1516805
http://doi.org/10.1016/j.apergo.2016.11.007
http://www.ncbi.nlm.nih.gov/pubmed/28166868
http://doi.org/10.1016/j.jsp.2005.11.001
http://doi.org/10.1037/0021-9010.86.3.499
http://doi.org/10.1080/09585192.2014.948899
http://doi.org/10.1177/0143831X10365931
https://research.chalmers.se/publication/?created=true&id=959369c4-4c74-4e00-9273-e0ff61e7afdf
http://doi.org/10.1093/intqhc/mzm042
http://doi.org/10.5465/amj.2007.24160888
https://www.scb.se/contentassets/b49d7efc2653457f8179f18461d2bf38/am0208_2018a01_sm_am33sm2001.pdf
http://doi.org/10.1191/1478088706qp063oa

Int. ]. Environ. Res. Public Health 2021, 18, 12282 30 of 30

49.
50.
51.
52.
53.
54.
55.
56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

Falck, A.C.; Ortengren, R.; Rosenqgvist, M.; Séderberg, R. Basic complexity criteria and their impact on manual assembly quality
in actual production. Int. J. Ind. Ergon. 2017, 58, 117-128. [CrossRef]

Galy, E. Consideration of several mental workload categories: Perspectives for elaboration of new ergonomic recommendations
concerning shiftwork. Theor. Issues Ergon. Sci. 2018, 19, 483—497. [CrossRef]

Eklund, J. Relationships between ergonomics and quality in assembly work. Appl. Ergon. 1995, 26, 15-20. [CrossRef]

Schaufeli, W.B.; Taris, T.W. A critical review of the job demands-resources model: Implications for improving work and health. In
Bridging Occupational, Organizational and Public Health; Bauer, G.F.,, Himmig, O., Eds.; Springer: Dordrecht, The Netherlands, 2014;
pp- 43-68.

Huberman, M.; Miles, M.B. The Qualitative Researcher’s Companion; Sage: Thousand Oaks, CA, USA, 2002.

Riege, A.M. Validity and reliability tests in case study research: A literature review with “hands-on” applications for each research
phase. Qual. Mark. Res. An. Int. ]. 2003, 6, 75-86. [CrossRef]

Yin, R.K. Case Study Research Design and Methods, 5th ed.; Sage: Thousand Oaks, CA, USA, 2014.

Yin, R.K. Qualitative Research from Start to Finish; Guilford Press: New York, NY, USA, 2016.

Ratner, C. Subjectivity and objectivity in qualitative methodology. Forum Qual Sozialforsch. 2002, 3, Art. 16. [CrossRef]

Berlin, C.; Bergman, M.W.; Chafi, M.B.; Falck, A.-C.; Ortengren, R. A Systemic Overview of Factors Affecting the Cognitive
Performance of Industrial Manual Assembly Workers. In Proceedings of the 21st Congress of the International Ergonomics
Association (IEA 2021), Vancouver, BC, Canada, 13-18 June 2021; pp. 371-381.

Lamkull, D.; Falck, A.-C.; Troedsson, K. Proactive ergonomics and virtual ergonomics within Manufacturing Department at
Volvo Car Corporation. In Proceedings of the 39th annual Nordic Ergonomic Society Conference, Lysekil, Sweden, 1-3 October
2007; pp- 1-3.

Marras, W.S.; Hancock, P.A. Putting mind and body back together: A human-systems approach to the integration of the physical
and cognitive dimensions of task design and operations. Appl. Ergon. 2014, 45, 55-60. [CrossRef]

DiDomenico, A.; Nussbaum, M.A. Interactive effects of physical and mental workload on subjective workload assessment. Int. J.
Ind. Ergon. 2008, 38, 977-983. [CrossRef]

DiDomenico, A.; Nussbaum, M.A. Effects of different physical workload parameters on mental workload and performance. Int J.
Ind. Ergon. 2011, 41, 255-260. [CrossRef]

Wixted, F.; O Sullivan, L. Effect of attention demand on upper trapezius muscle activity—A moderated mediation model. Int. |.
Ind. Ergon. 2018, 66, 146-156. [CrossRef]

Hannah, D.R.; Lautsch, B.A. Counting in qualitative research: Why to conduct it, when to avoid it, and when to closet it. . Manag.
Ing. 2011, 20, 14-22. [CrossRef]

Militello, L.G.; Hutton, R.J.B. Applied cognitive task analysis (ACTA): A practitioner’s toolkit for understanding cognitive task
demands. Ergonomics 1998, 41, 1618-1641. [CrossRef]

Thorvald, P,; Lindblom, J.; Schmitz, S. Modified pluralistic walkthrough for method evaluation in manufacturing. Procedia Manuf.
2015, 3, 5139-5146. [CrossRef]

Rubio, S.; Diaz, E.; Martin, J.; Puente, ].M. Evaluation of Subjective Mental Workload: A Comparison of SWAT, NASA-TLX, and
Workload Profile Methods. Appl. Psychol. 2004, 53, 61-86. [CrossRef]

Galy, E.; Paxion, J.; Berthelon, C. Measuring mental workload with the NASA-TLX needs to examine each dimension rather than
relying on the global score: An example with driving. Ergonomics 2018, 61, 517-527. [CrossRef]

Luximon, A.; Goonetilleke, R.S. Simplified subjective workload assessment technique. Ergonomics 2001, 44, 229-243. [CrossRef]
Hadzibajramovic, E.; Ahlborg, G.; Grimby-Ekman, A.; Lundgren-Nilsson, A. Internal construct validity of the stress-energy
questionnaire in a working population, a cohort study. BMC Public Health 2015, 15, 1-9. [CrossRef] [PubMed]

Bligard, L.-O.; Osvalder, A.-L. Predictive use error analysis-Development of AEA, SHERPA and PHEA to better predict, identify
and present use errors. Int. |. Ind. Ergon. 2014, 44, 153-170. [CrossRef]

Dul, J. Necessary Condition Analysis (NCA): Logic and Methodology of “Necessary but Not Sufficient” Causality. Organ Res
Methods 2016, 19, 10-52. [CrossRef]

Knol, WH.,; Slomp, J.; Schouteten, R.L.].; Lauche, K. Implementing lean practices in manufacturing SMEs: Testing ‘critical success
factors’ using Necessary Condition Analysis. Int. |. Prod. Res. 2018, 56, 3955-3973. [CrossRef]


http://doi.org/10.1016/j.ergon.2016.12.001
http://doi.org/10.1080/1463922X.2017.1381777
http://doi.org/10.1016/0003-6870(95)95747-N
http://doi.org/10.1108/13522750310470055
http://doi.org/10.17169/fqs-3.3.829
http://doi.org/10.1016/j.apergo.2013.03.025
http://doi.org/10.1016/j.ergon.2008.01.012
http://doi.org/10.1016/j.ergon.2011.01.008
http://doi.org/10.1016/j.ergon.2018.03.001
http://doi.org/10.1177/1056492610375988
http://doi.org/10.1080/001401398186108
http://doi.org/10.1016/j.promfg.2015.07.544
http://doi.org/10.1111/j.1464-0597.2004.00161.x
http://doi.org/10.1080/00140139.2017.1369583
http://doi.org/10.1080/00140130010000901
http://doi.org/10.1186/s12889-015-1524-9
http://www.ncbi.nlm.nih.gov/pubmed/25885917
http://doi.org/10.1016/j.ergon.2013.11.006
http://doi.org/10.1177/1094428115584005
http://doi.org/10.1080/00207543.2017.1419583

	Introduction 
	Theoretical Framework 
	Aims and Research Questions 
	Delimitations 

	Materials and Methods 
	Data Collection 
	Cases and Participants 
	Data Analysis 

	Results 
	Demands in Assembly Work 
	Cognitive Demands 
	Emotional Demands 
	Organisational Demands 
	Social Demands 
	Individual Pre-Conditions and Attitudes 

	Resources in Assembly Work 
	Organisational Resources 
	Social and Interpersonal Resources 
	Cognitive Support 
	Individual Resources 


	Discussion 
	Reflections on Findings and Literature Comparison 
	Methodological Quality Assurance 
	Study Limitations 
	Practical Implications 
	Future Work 

	Conclusions 
	
	References

