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The transition to Industry 4.0 poses new challenges for sen-
sor integration design. The foundation of any intelligent sys-
tem is the data, and the data quality depends largely on the
integration of the sensor generating it. In this study, the bar-
riers for robust sensor system design were explored through
an interview study among practitioners from different indus-
trial contexts. The aim is to explore potential challenges
within different contexts and suggest possible directions for
research within the field of sensor integration design. Beyond
the question of new sensing technologies, the study highlights
an increasing challenge of physical integration task, and il-
lustrates the varying requirements for development support
in different industry sectors.

1 Introduction
IoT-devices promise immense business value across a

wide range of industry sectors. Examples are rapid trans-
formation of customer-product interactions or traditional in-
dustry structures as part of the Fourth Industrial Revolution
(Industry 4.0). Yet, the aspect that the ability to unlock this
potential will pose completely new challenges for engineer-
ing design is frequently neglected.

Due to the exponential development of semi-conductor
technology like sensors, actuators and computers, these tech-
nologies are getting integrated into mechanical products for
digital monitoring and control on an unprecedented scale.
This naturally results in completely new requirements with
respect to size, efficiency and cost, and thus for the integra-
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tion of the mechanical, electrical and software domains. It
is well accepted, that the integration of multiple disciplines
alone, for example in mechatronic development, adds sub-
stantial complexity and risk to design projects and organiza-
tions [1–4]. However, given the unprecedented scale of the
current transition, contextual influences will result in more
diversity when it comes to the experienced challenges in en-
gineering design.

Against this background, this research focuses particu-
larly on engineering design challenges related to sensor inte-
gration tasks, i.e. on the ability to reliably measure physical
input and convert it to analogue or digital data that can be
processed by either machine or human. The robustness of the
sensor integration is a necessary prerequisite for the transi-
tion to Industry 4.0, where the responsibility for safe and op-
timal functionality of systems is transferred from humans to
technical systems. In this paper, the current industrial chal-
lenges and practices are described as seen by the industrial
practitioners. This is achieved through an exploratory study,
using semi-structured interviews to identify the main themes
within challenges and practices with sensor system design
and sensor integration tasks.

The remainder of the paper is structured as follows. In
Section 2, a short literature review focusing on design prac-
tices is presented. In Section 3, the research methodology
and design is introduced. In Section 4, the interview findings
are presented, both related to contexts and on a general level.
In Section 5, the implications of the interview findings are
discussed. At last, Section 6 summarizes the content of the
paper.

1 Copyright © by ASME



2 Literature Review on Sensor System Design Practices
Engineering design is generally concerned with the re-

alisation of technical products. This includes the conceptual-
ization of basic solution principles as well as the embodiment
of shapes, materials and structures to achieve the intended
functions. To do this, the initial goal is to compare and assess
a wide range of design alternatives by exploring the solution
space in a divergent manner and consecutively converge, se-
lect and focus the embodiment efforts on the most promising
design candidate.

Mechatronic design literature extends this fundamen-
tal idea towards a multi-disciplinary design approach that
has emerged as sensing and actuation technology has be-
come available for integration into mechanical products. For
example, Mohebbi et al. [5] review trends in concurrent,
multi-criteria and optimal design of mechatronics systems,
and highlight that academic and industrial design challenges
for mechatronics to a large extent also relate to conceptual
and preliminary design stages. Another example is Torry-
Smith et al. [1, 2], stating that a lack of sufficient attention
to the [multidisciplinary, auth.] dependencies causes inte-
gration problems and increased development cost [1]. One
important aspect of promising design candidates is conse-
quently the ability to achieve robust functional performance
as this reflects on the quality of the final product. This aspect
is the focus of Robust Design, where quality is defined as
the achievement of high product performance despite noise
factors from manufacturing and use [6]. Traditionally, Ro-
bust Design has focused on achieving design quality through
parametric optimisation, but several authors have highlighted
the need for what is referred to as Robust Design Method-
ology (RDM). Adopting the fundamental engineering design
idea, RDM prescribes basic and systematic efforts applicable
in all development phases to achieve consistent mechanical
product performance despite noise factors [7–9].

Unfortunately, RDM research does not yet include
mechatronics, like sensor systems, to a large extent. In-
stead, and in line with traditional Robust Design approaches,
mechatronics design relies heavily on computational param-
eter optimization [10–12], or analytical and numerical anal-
yses of noise factor contributions [13–15]. As these ap-
proaches are however not suited for early design assess-
ments [16,17], the design of sensor systems usually refers to
data sheets. These describe the accuracy of standard, com-
mercially available sensor units, i.e. the performance varia-
tion [18] along with specifications on environmental condi-
tions and integration.

While these specifications indicate what the manufac-
turer expects from the sensor design in use, they naturally
do not provide insight into the full suite of the considered
noise factors. Depending on the requirements and the nov-
elty of the IoT-application, the sensor performance will be
more or less defined by a range of case specific noise factors.
However, contributions on the methodical design of sensors
are rare and in most cases out-dated, as also highlighted in
a review on the importance of mechanical design for sensor
systems by Juul-Nyholm et al. [19]. Examples include Carr
introducing a framework for sensor system noise factors [20]

and Ellin and Dolsak [21] as well as Macini et al. [22] de-
scribing interdisciplinary noise factors for encoders.

3 Methodology
3.1 Research Question and Design

The aim of the study was to address the current chal-
lenges with sensor system design in different industrial con-
texts in order to identify gaps in the current practices. The
exploration was guided by the following research question:

What are typical sensor system design challenges
in the industrial context of sensing elements, in-
dustrial products and consumer products?

The focus on contextual challenges led to the choice of
a semi-open elite interview format, which allowed for ex-
ploration and insights for development of new hypotheses
rather than numerically based testing of existing hypothe-
ses [23–25]. Interviews allow for a retrospective view on
a long chain of events and thereby for exploration of the past
and recent experiences of the interviewees. This backward-
looking perspective is important, because this study focuses
on the risks and consequences of late-stage design changes,
complaints and recalls of design projects, which would not
necessarily be covered in a contemporary case study. On
the other hand, interviews are restricted to information that
the interviewees are able to articulate - the explicit, biased
and rational design knowledge. Gathering implicit and tacit
knowledge would require other means of inquiry like docu-
ment, discourse or protocol analysis [26]. However, focusing
on explicit knowledge is a necessary disadvantage of gather-
ing data from a range of different interviewees and compa-
nies seeking to represent the current industrial situation in
the light of both history and present contexts.

3.2 Case Companies and Interviewees
Four case company categories were chosen for the

study: Sensing element companies (four companies, six in-
terviewees), consumer product companies (three companies,
five interviewees), industrial product companies (three com-
panies, five interviewees) and consultancies (three compa-
nies, four interviewees). The 20 interviewees had mixed
technical backgrounds ranging from mechanics and electron-
ics to physics and chemistry as well as up to 30 years of ex-
perience with the development of sensor systems. The 13
case companies were all located in Europe and were cho-
sen based on the company categories and their willingness
to participate. The four case company categories represent
different roles in the evolving IoT and Industry 4.0 industry
in terms of engineering design of sensor systems. They in-
clude relevant design practitioners in B2B and B2C as well
as sensor suppliers, and exclude regulatory bodies, which
are not involved directly in the research and development of
new sensor system designs. Other characteristics than the
core product, like size, application field, geography and tra-
dition, presumably also contribute to diversity in challenges
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and practices to varying degrees, but for the sake of simplic-
ity only the core focus and the production/project volume
was taken into account in the selection process.

The sensing, consumer and industrial products differ in
application and level of specialisation. Sensing element com-
panies offer standard and custom sensing solutions through
both direct and indirect sale and have a high production vol-
ume. They are experts in the conversion of physical phenom-
ena to analog or digital outputs, but have limited control in
the integration of their sensors into systems. Consumer prod-
uct companies operate under a high demand for the products’
industrial design, feature set, and size and have an indirect
interaction with their customers that use their products in
an everyday setting. They have a high production volume
and it is assumed that many consumer products are increas-
ingly made smarter by adding sensors and connecting them
to smartphones and other software-based systems. Industrial
product companies’ production volumes vary, they have a
more direct interaction with their customers and are not sub-
ject to as high demands regarding size and appearance. Sen-
sors have been used for control purposes for a long time, but
with Industry 4.0 the demand for manufacturing customiza-
tion and large scale data analysis is increasing. Consultan-
cies come in different company sizes and support the prod-
uct manufacturing companies with subject specific expertise.
For the purpose of exploring contextual influences on chal-
lenges and practices, interviewees from consulting compa-
nies are also interesting because they have a broader experi-
ence with different contexts.

3.3 Interviews
The interviews were structured according to the inter-

view themes presented in Tab. 1 along with a few example
questions. They were scheduled to one hour including a short
introduction to the purpose and format of the interview and
were all recorded for subsequent compilation of notes and
quotes. At last, the quotes and case summaries were sent to
the interviewees for confirmation.

The first interview theme focused on the context and
professional background of the interviewees. These ques-
tions were used as grand tour questions and formal intro-
ductions [27]. The challenges and consequences theme was
intended to identify the most critical challenges and get in-
sights into how they emerged and what the consequences
were. The questions about practices dealt with develop-
ment processes, the practices with assessing multi-physical
effects and the influence of variation. The aim was to un-
derstand how the case companies successfully develop and
launch new products despite the expressed challenges. At
last, if time allowed, a question on methodical gaps served
as a closure to the interview.

The data analysis was initiated by inductively identify-
ing general themes through disassembling and reassembling
of the challenges and practices expressed by the intervie-
wees. This approach was chosen in order to identify chal-
lenges and practices across contexts and reduce the inter-
viewer bias. First, the compiled interview notes were disas-

sembled [28], i.e. the data was broken down into sentences
or terms in order to isolate them from the context and rear-
range them with fresh eyes. Then, the reassembly [28] was
performed on an individual basis by two of the authors to as-
sess the inter-coder reliability qualitatively. The themes were
compared and in most but not all cases the themes were over-
lapping and even had the same name. The challenges were
easily reassembled while the practices were more scattered
and hard to reassemble. Subsequently, the themes were syn-
thesised collectively. The themes presented in Section 4.1 fo-
cus on general challenges as comparison and categorization
of contextual influences was inconclusive at this conceptual
level.

The deductive mapping of contextual challenges and
practices was based on the interest in the increasing integra-
tion of emerging sensing technologies. The deductive ap-
proach was chosen in order to specifically investigate the re-
lation between the company categories and the two dimen-
sions; physical sensing integration and technological sens-
ing focus (hereafter referred to as physical integration and
technological focus). The categorization was based on the
company profiles (available in the Appendix) as these sum-
marize the most apparent contextual challenges. The dimen-
sions were defined based on a textbook definition of inte-
gral product architecture as opposed to a modular one [29]
and on the responses from the introductory interview ques-
tions. Consequently, shallow physical integration was coded
when the interviewees described that they were retrofitting
sensors, mounting off-the-shelf sensors or designing sensors
with standard interfaces, and deep physical integration was
coded when the interviewees expressed challenges with in-
teracting variation effects and size constraints. Technologi-
cal sensing focus was defined based on the responses to the
sensor type question (second question in Tab. 1). If the inter-
viewees responded that they use one or very few technologies
the company was categorised as having a narrow technolog-
ical focus and vice versa.

4 Findings
4.1 General Challenges

Based on the inductive mapping of interview extracts,
challenges and reasons for the associated consequences were
compiled. Themes and subthemes are listed in Tab. 2 and are
introduced in the following.

Evolution of Technology
The interviewees reported three subthemes for chal-

lenges related to the evolution of technology. First, the com-
panies are forced to constantly develop their use of novel
technologies to comply with market demands. In some cases
this implies a continuous release of product updates, while
groundbreaking and innovative solutions are the focus in oth-
ers. Second, some companies utilise a wide range of tech-
nologies and struggle to keep updated on the latest advances
within all fields. This is often a matter of prioritisation and
resources, but is nonetheless an expression of challenges
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Table 1. Semi-structured interview guide themes and example questions

Interview theme Example Questions

Background What is your background and current role?

What types of sensor systems are your working with?

Challenges and consequences Are you experiencing any challenges with design of sensor systems? If yes, what
types?

What are the consequences of these challenges?

Practices How and when do you assess the influence of variation effects?

How and when do you assess the influence of multi-physics effects?

Are there any typical trade-offs that you always have to take into account?

Methodical gaps What kind of tool or method are you missing?

with maturing and familiarisation of technologies. Third,
some companies lack the experience of using sensing tech-
nologies due to a traditional analog product focus.

Physical Integration
Some case companies highlight physical integration, as

opposed to exclusively digital integration, as a central design
challenge. First, it is crucial to find the balance between de-
velopment efforts and profits, because physical integration
can increase the product value, but also complicates the de-
velopment process and the ability to calibrate the sensor sys-
tem. Another reason is requirement trade-offs both on a high
and more detailed level. For example trade-offs between ac-
curacy and manufacturability, between maintaining original
functions while adding sensor technology or between con-
flicting design objectives in different engineering domains.
Third, designers tend to focus inherently on their own do-
main of expertise. This leads to challenges in the develop-
ment of products with inter-disciplinary interfaces, because
no one in the team is specialised in e.g. electro-mechanical
interfaces but rather in mechanical processes or circuit de-
sign. Fourth, size constraints can be imposed on a design
both in retrofitting projects and due to requirements to ap-
pearance, handling, transportation or application, and may
even lead to the need for deep physical integration. Fifth,
when physical integration is needed, for any reason, the vari-
ation in mechanical manufacturing processes can lead to per-
formance variations that are sometimes hard to assess and
take into account.

Requirement Specifications
Requirement specifications are central to all product de-

velopment processes. Nevertheless, the interviewees ex-
pressed three specific challenges that apply to the develop-
ment of sensor systems. First, most companies expressed
challenges with gathering all relevant requirements from the
customers - especially the specific ones related to environ-
ment and operation. This is both due to organizational bar-
riers between the customer and development department,

and the inherent focus on the function of the sensor system
rather than total product operation in requirement specifica-
tion meetings. Second, there is a lack of detailed techno-
logical guidelines as the use of technologies is constantly
pushed to the limits in order to meet market demands, which
means that available standards and guidelines fail to account
for novel technological applications. Third, novel technolog-
ical applications are associated with challenges of prediction
of noise factors and specification of reasonable limits and
safety factors.

Virtual Design Assessments
In the design assessments category, four types of chal-

lenges with modeling, simulating and testing of sensor sys-
tems before they are built physically could be distinguished.
First, many interviewees mentioned how Failure Mode and
Effect Analyses (FMEA) are used in early development
stages to identify reliability issues and to address them with
due diligence. Unfortunately, the FMEAs are traditionally
designed for specific disciplines, why interdisciplinary fail-
ure modes and effects are sometimes overlooked. Second,
methods for early robustness assessment of mechanical as-
semblies are applied by some companies, but are lacking for
electronics, software and multi-disciplinary systems. Third,
with more mature designs, numerical multi-physics simula-
tions are applied to a varying degree by the case compa-
nies. However, several interviewees relate that they are of-
ten oversimplified and sometimes lead to unfortunate design
decisions and delays. Fourth, multi-physics simulations of-
ten also require subject matter experts for setup and are per-
ceived as much less efficient than physical tests and single
domain simulations.

Physical Design Assessments
Physical testing is central to the development of sensor

systems and the interviewees pointed to three general chal-
lenges with this. First, some companies follow formalized
test plans meticulously while others express challenges with
defining appropriate tests. Generally, the companies place
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Table 2. General challenges among the case companies identified through inductive mapping

Main theme Subtheme

1. Challenges with the evolution of technology due to - market competition

- a wide technological focus

- lack of experience

2. Challenges with physical integration due to - cost and calibration barriers

- trade-offs between requirements

- inherent focus within engineering domains

- size constraints

- variation in mechanical processes

3. Challenges with requirement specifications due to - lack of customer input

- lack of detailed technological guidelines

- extreme and unpredictable applications

4. Challenges with virtual design assessment due to - lack of interdisciplinary models for early assessment

- lack of multi-disciplinary robustness principles

- lack of trust in multi-physics simulations

- lack of efficient multi-physics simulations

5. Challenges with physical design assessment due to - lack of confidence in test schemes

- lack of access to field tests

- comprehensive product validation

6. Above challenges have consequences due to - delays between design and assessment activities

- lack of multi-disciplinary robustness principles

- the cost of changing electronic hardware in remote locations

great emphasis on dynamic and environmental noise factors,
while Carr’s [20] characteristics and application categories
are not widely considered. Second, the majority of the com-
panies use physical component and system tests to assess the
functionality of their design at different stages, yet some have
limited access to test in the field. This is due to the size of the
products, critical operations or the fact that the products are
commissioned remotely or inaccessibly. Third, some sen-
sor systems are part of critical operations that require very
comprehensive validation tests, which are both expensive in
terms of materials and time.

Consequences of Above Challenges
The consequences of the general challenges above dif-

fered, but three tentative reasons for delays in relation to sen-
sor system design were identified. First, the inefficiency of
virtual and physical tests leads to delays between design and
assessment. Many interviewees stressed how important it is
to prototype the whole sensor system as early as possible to
avoid wasting development efforts. Second, the interviewees
reported that delays due to design challenges were more se-
vere if design changes require changes in the mechanics, be-
cause in this domain it is both expensive and time consum-
ing to change production tools. Third, the cost of changing

hardware as opposed to updating software is high, because
it requires a technician to be on site as opposed to initiating
over-the-air updates.

4.2 Contextual Challenges
In order to explore the effects of contextual differences

on experienced challenges and practices, the case companies
were categorized according to a matrix typology. The typol-
ogy was based on two axes, physical sensing integration and
technological sensing focus, as defined in Section 3.3, and
can be seen in Fig. 1.

It is observed that the case companies are categorized
similarly within the core product groups, except for the in-
dustrial case companies. The sensing element companies all
have a shallow physical sensing integration, because of their
focus on sensing rather than system. Their technological
sensing focus varies due to specialization and tradition. Sen-
sor system consultancies support companies with the physi-
cal and digital integration of sensors, resulting in a focus on a
wide range of technologies. The difference between shallow
and deep physical integration may be due to the differences
in project volume (i.e. company size). The consumer prod-
uct companies focus on few sensing technologies as well as
a deep and size-constrained integration. They are seeking to
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Fig. 1. Matrix typology for Companies A-M. Common challenges are included in each quadrant, I-IV.

retain and enhance it by adding sensors to their systems. The
industrial product companies are represented in quadrants I,
II and IV, which may be due to the production volume, but
this will also be discussed in greater detail later.

As indicated in the matrix typology, the interviews il-
lustrate that the integration and technological context has an
influence on the sensor system design challenges. Four con-
textual challenges have been identified based on a summary
of the interviews in the company profiles and linked to the
four quadrants of the typology matrix.

Challenges with deep physical integration

All case companies in quadrant I expressed their chal-
lenges with deep physical integration through detailed de-
scriptions of their past experiences with inter-disciplinary in-
teractions on both interface as well as system level. One of
the main drivers for the deep physical integration is that all
companies have high production volumes. The correspond-
ing high demands in terms of size and cost increase the num-
ber of trade-offs between the newly added connectivity and
the existing product functions or the customer’s quality per-
ception. Most often, these become apparent at the boundaries
between mechanical, electrical, and software development,
and are particularly critical when the service-life cannot be
predicted in all details. A consequence is that the technolog-
ical sensing focus of all companies in quadrant I is still nar-
row. The application of the sensing is very specific, the tech-
nological evolution has only led to applicable sensor sizes
in recent years, and the companies are often still struggling
to balance the numerous requirements with the initially cho-
sen sensing technology. The company profiles can be seen in
Tab. 3 in the Appendix.

Domain specific challenges and noise factors
The case companies in quadrant II have a clear focus on

domain specific challenges with noise factors like vibration,
dust and wear as well as mechanical joining processes such
as gluing and welding. The underlying reason is that their
choice of sensing technologies is based on tradition and that
they have a strong knowledge base with their systems. The
companies design or employ sensing modules for integration
in mechanical products of different shapes and sizes, most
often based on standard interfaces and standardised require-
ment documents, which also allows for retrofits. As a con-
sequence, the sensing companies often draw from previous
designs and rely on sophisticated assessment possibilities,
including multi-physics simulations, and the industrial com-
pany choose and mount sensors late in the design process.
Given that the system interdependencies are well-described,
the development focus usually lies more on the qualification
of individual components rather than the investigation of in-
tegration effects. The company profiles can be seen in Tab. 4
in the Appendix.

Challenges with technological domestication
The case companies in quadrant III expressed challenges

with domestication of technologies in two ways; either from
a basic physical perspective or from a practical and case
specific perspective. They specialize in bringing new sen-
sor types and digital integration technologies to the market
and making them work in a wide range of applications. In
both cases, short development iterations are needed, which is
usually addressed by the design and employment of modules
and, in most cases, the implementation of a pre-qualification
of individual components. While this includes simulation
and testing, the companies unanimously bring up the chal-
lenge of meaningful simulations when a strong theory do-
main for new technologies is lacking. As a result, all compa-
nies in quadrant III follow a test oriented development pro-
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cedure. The company profiles can be seen in Tab. 5 in the
Appendix.

Challenges with integrating sensing technology
Both companies in quadrant IV expressed challenges

with the use and integration of sensing technologies in novel
applications and were aware of the trade-off between the de-
velopment of a sensing module as opposed to custom de-
velopment of sensors with deep physical integration. They
excel at their desire to cover a wide range of technologies
while venturing into the deep physical sensing integration
when necessary. At the same time, the companies differ sig-
nificantly on a wide range of other dimensions, including
not only their industry sector, but also aspects such as prod-
uct size, testing possibilities, production volume, etc. The
question how the companies meet the demands and solve the
trade-off between new technology and deep physical integra-
tion will therefore be part of the discussion. The company
profiles can be seen in Tab. 6 in the Appendix.

5 Discussion
5.1 General and Contextual Challenges

The general challenges identified in the previous section
revolve around the interview focus on integration and design
assessments, but also include insights into the challenges of
keeping up with the technological evolution and specifying
requirements, which was not probed for specifically. The ty-
pology sorts consumer, sensing, and consulting companies
consistently. However, the industrial companies are spread
out into three quadrants, showing larger and more significant
differences than for example the consumer companies, which
all focus on small, handheld devices and therefore, presum-
ably, have more in common in terms of sensor system design
challenges as well. Additionally, the historical perspective
is important in the comparison between industrial and con-
sumer companies, as the size of sensing elements is less crit-
ical in some industrial applications than in consumer prod-
ucts. Therefore, they have been utilized earlier without the
need for deep physical integration.

Furthermore, the companies in quadrant IV are neither
directly comparable to each other nor their respective case
company categories. Company J focuses on maturing of
technology for low volume and for remote and harsh envi-
ronments, while Company K focuses on medical devices and
on pre-qualification of components for any project relevant
to their costumers (see Tab. 6 in Appendix). On the other
hand, they both deploy a wide range of existing sensor types
in new applications and revert to deep integration when nec-
essary. This justifies their common categorization but also
indicates that they are not always expanding the technolog-
ical width and integration depth at the same time. Rather,
they show similarities with both quadrant I and III at times,
which adds to the discussion of the categorization of indus-
trial companies.

5.2 Identification of Methodical Barriers
The responses on the interview questions about practices

were scattered and hard to categorize. This is most probably
due to contextual differences, and is the reason that the fol-
lowing discussion on methodical barriers is based on anec-
dotal quotes.

All companies in quadrant I (Fig. 1) work with deeply
integrated systems, which results in challenges to work with
standard design methods or standard textbook knowledge.
For example, one interviewee (Company G) explicitly stated
that their efforts to design a robust and low cost sensor sys-
tem required them to challenge what is written in the educa-
tional books. In other words, some rules of thumb may be
overly conservative or too general for actually solving chal-
lenges related to the desired deep physical integration.

Similarly, companies in quadrant II and III experience
challenges to increase the level of physical integration. De-
pending on the business context, not all companies experi-
ence this need (Company H), but some have actually tried
(Company C) and not succeeded a few times as stated in
the summary in Tab. 4 in the Appendix. At the same time,
most of the corresponding companies instead highlight the
challenge of detailed validation activities, such as simulation
and/or physical testing, which Company C describes in rela-
tion to welded and glued interfaces.

In quadrant III, the focus on technological domestication
is achieved largely through physical tests. Here, the compa-
nies, however, also highlight that domestication and integra-
tion are closely related. For example, one interviewee from
Company M related that sensors outputting raw data or envi-
ronmental data are less challenging to integrate than sensors
that needs to output processed data or needs to be mounted
in a special way, e.g. position sensors (Tab. 5 in App.).

Last but not least, the companies in quadrant IV cover
both a wide range of technologies and revert to deep physical
integration when relevant. A strategy for achieving both, at
least with small production volumes, is to focus on making
things work and following it after launch. One interviewee
from Company I for example related that they do not test
variation at any point, but rather sell to selected customers at
first and follow the product closely in operation.

This practice of following products closely after launch
is general practice among the industrial companies (not nec-
essarily for the entire product portfolio), but is not achievable
for consumer and medical products as they are distributed
through different and less controllable channels. In addition,
they face high production volumes, which seems to be one
of the main drivers for methodical (robust) design support.

Most consumer and industrial companies are placed in
the deep end of the physical integration scale. It is the im-
pression that these companies (E, F, G, I and J) are the ones
striving mostly to extend the use of sensing technologies
through deeper integration and hence are the ones demand-
ing the most flexibility within this typological framework.
The sensing element companies mostly focus on technologi-
cal development including digital and housing solutions, and
the consultancies have given a valuable insight into high level
trade-offs like domain partitioning and sensor familiariza-
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tion.

5.3 Future Work
The concluding interview question, what kind of tool or

method are you missing?, had the purpose of letting the inter-
viewees summarise the interview sessions as well as point-
ing towards specific methodological gaps. It mostly resulted
in responses like We have enough methods and tools. Mak-
ing them valuable in the present context that is the art of it.
This indicates that the mitigation of challenges and the im-
provement of practices is not just a matter of extending the
potential toolbox, but also requires meaningful implemen-
tation based on the discussion of challenges above. How-
ever, several interviewees did express interest in being able
to decrease the number of physical tests through the use of
virtual models, having more reliable procedures for require-
ment specifications, reviews and tests, and being able to as-
sess the potential of new technologies more efficiently. This
reflects that the barriers for industrial sensor integration de-
sign are both technical, organisational and human. In order
to develop practical tools and effective methods for sensor
system design, the basic knowledge about interdisciplinary
dependencies and modelling approaches for specific sensing
technologies is needed. Depending on the sensing technol-
ogy, the basic knowledge is most probably available, if not in
literature then in industrial practice, but have not been syn-
thesised and forged into a useful tool. Therefore, future work
includes studies of industrial sensor system design cases to
get a more detailed understanding of the identified challenges
and develop design supports based on this knowledge. Fu-
ture work also includes investigations of design challenges
in relation to connectivity and intelligent manufacturing in
the transition to Industry 4.0.

Due to the semi-structured interview approach data con-
sisted only of explicit, qualitative knowledge. The chosen
approach for the current study was in line with exploratory
aim of the study, as it allowed the interviewees to be the ex-
perts and to inform the research [24]. Nevertheless, future
work should include multiple data sources like documents
and observations, which will improve the validity [23].

6 Summary
The aim of this study was to explore the sensor system

industry and identify typical sensor system design challenges
in different industrial contexts. This was sought through
an exploratory interview study with 20 interviewees from
13 companies within the following categories: Sensing el-
ements, consumer products, industrial products and consult-
ing. Five general challenges

1. Evolution of technology
2. Physical integration
3. Requirement specification
4. Virtual design assessments
5. Physical design assessments

and four contextual challenges

I Deep physical integration
II Mechanical noise factors and joining processes

III Technological domestication
IV Integration of sensing technologies

were identified. The contextual challenges with deep
physical integration and expansion of the technological sens-
ing focus through integration of unfamiliar sensing technolo-
gies are highlighted as important topics for further research
in sensor integration design. While it is the impression that
the remaining challenges are valid, the barrier of integration
of sensing technologies deep into the physical structure of a
product is highlighted. This is because the adoption of tech-
nologies for IoT and Industry 4.0 is moving at a slow pace in
this area due to lack of tools and experience in the develop-
ment of connected consumer and industrial products. Future
work includes synthesizing of basic knowledge of mutual in-
fluences and noise factors across engineering domains.
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I Challenges with deep physical integration

Company E (Consumer) Company F (Consumer) Company G (Consumer) Company I (Industrial)

Company E does not have
a product with an integrated
sensor on the market yet,
and is currently developing
its first-ever personal med-
ical care product with en-
hanced safety based on sens-
ing technology. They have a
strong focus on usability. It
must look attractive, so the
user insights and user ex-
perience (UX) design teams
have a large influence on the
result. And of course it is
important, because if it does
not look good, then you can-
not sell it. It is part of
the business case. But the
focus is on that and then
we are supposed to make
something fit in technically,
that is designed so that it
can be sold. Because of
the novelty, they are at the
limits of their past abilities
and there are no set pro-
cesses, so planning is diffi-
cult. Designing products for
personal medical use is dif-
ferent than designing some-
thing to be placed on a ta-
ble, because the environment
is harsh and unpredictable.
[. . . ] How far should we
go to design something that
fits into this frame? That’s
a central dilemma. This is
something that no one has
done before, so you have
to invent how to combine
things, and then reality is
not always as you thought
it was and this will not be-
come apparent before you
test it. Therefore, the de-
velopment is primarily test
driven even though simula-
tions, especially of the me-
chanics surrounding the sen-
sors, are used when appro-
priate.

Company F develops per-
sonal consumer devices
and experiences challenges
with integrating switches
into mechanical assemblies.
Often, the challenges are
due to long tolerance chains,
but in one example the chal-
lenge emerged due to a lack
of coordination or system
overview in the interface
between a hall sensor and
the mechanical part that it
is activating it: We had a
hall sensor with a magnet
and we had agreed on some
specific angular motion and
then we had positioned the
magnets in the right position
in relation to this. But then it
has been decided to change
the angular motion at a
later stage, and then you
suddenly end up in the outer
edge of what the sensor can
detect. This was a challenge
because the manufacturing
tools where already set. The
interviewee ascribes this to
an unfortunate decision at
late stage in the develop-
ment project and concludes
that once again, it is the
integration that causes the
angle to be off in relation to
the hall sensor. Functional
performance often have to
be balanced with tactility,
i.e. the costumer experi-
ence is central. This can
sometimes be a challenge
when you have to design
something that is narrow
and slim and must not take
up too much space, which
indicates that the trade-off is
at least three dimensional.

Company G are integrating
sensors into devices for per-
sonal medical use. Often,
the mechanical device is al-
ready highly optimized for
robustness when the sensor
system design is initiated
and because a deep integra-
tion is required for ease of
use, the retrofitting process
is challenging: If you want
to attach a sensor system on
something you have already
designed and was not de-
signed to be a sensor system,
then it is extra challenging.
[. . . ] The factory is already
there and the production
is unwilling to change the
components. Then comes
the multi-disciplinarity: It’s
always in the interfaces [be-
tween disciplines, auth.] be-
cause sometimes when you
are in one discipline then
you lose the overview [. . . ]
I think we do try to fo-
cus on the interfaces, [. . . ]
but when it comes to the
interfaces where you have
a discipline containing both
mechanics, electronics and
software, then you are miss-
ing something. And chem-
istry as well. In terms of
robust design, early assess-
ments for mechanics are al-
ready in place. The elec-
tronics engineers relate: We
might envy mechanics a bit.
It is nice to have something
as tangible even if it is com-
plex. [. . . ] Something to
measure, a method for cal-
culation. That’s what we are
missing for electronics.

Company I’s core product
is to control industrial pro-
cesses and they design and
integrate sensors to improve
the performance of this con-
trol at a reasonable cost:
Often, there is something
we can buy but it becomes
too expensive to put it to-
gether, because it doesn’t fit
perfectly. Therefore [. . . ]
we have our own facto-
ries where we try to de-
velop something that fits
[our product, auth.]. And
that’s because when we in-
tegrate, what I call deep in-
tegration, then we can re-
duce the cost. On the chal-
lenges with sensor system
design, one of the intervie-
wees related: It is almost
always the integration that
is the hardest part – where
things happen that we are
not able to foresee. It is
almost always because we
are working in an interface
where many disciplines in-
teract. [. . . ] There is me-
chanics, there is electronics
and there is high tempera-
tures, there is software and
then the communication. It
is the interaction between
all of these disciplines that
gives the challenge, because
none of us can cover all of
those disciplines. So being
able to communicate across
those disciplines is central
when we are talking about
sensing. Multi-physics sim-
ulations is not the solution
yet: When we simulate it,
then it is simply front-edge.
The simulation tool are only
on the edge of being able to
connect the domains.

Table 3. Company profiles in the deep integration/narrow technology square in Fig. 1.
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II Challenges with wear and mechanical joining processes

Company C (Sensing) Company D (Sensing) Company H (Industrial)

Company C’s sensing el-
ement is mounted in a
housing that can be at-
tached to the industrial sys-
tem through standard in-
terfaces. However, some
customers have been in-
terested in integrating the
sensing element deeper into
their own system: We have
had some projects with cus-
tomers, where they want to
reduce the cost by not buy-
ing our [housing and stan-
dard interface, auth.] but
only our sensing element
[. . . ] and maybe even have
the calibration software in
their own controller. We
have not succeeded with
this properly yet [because
of costs and subcontractor
dependencies, auth.]. But
we have examples from cus-
tomers, where they have
done it with some of our
competitors and had prob-
lems with it, and then we
have substituted that solu-
tions with a standard sen-
sor or modified sensor so
that it could fit. Apart from
these challenges, the inter-
viewees related that they are
beyond what normal elec-
tronics are used for in terms
of temperatures, why seg-
regated DFMEA approaches
for mechanics and electron-
ics have been linked to ad-
dress challenges of design-
ing for unpredictable en-
vironments based on very
standard and generic spec-
ifications from costumers,
which are not fully reflecting
the real world application.

Company D has a long tra-
dition within development
of sensors for their core
business. The technologi-
cal focus is narrow but they
are looking into expanding
their portfolio to accommo-
date digitalisation and IoT.
We rarely develop [a sensor,
auth.] from scratch. With
most, if not all, we draw
on experiences from earlier
products. We take a pre-
vious design, we change a
few things, and then we put
it into a simulation program
where we try to simulate
its behaviour. The physics
is the starting point for ev-
ery development project and
they use multi-physics sim-
ulations: We do whatever we
can to assess the sensor per-
formance for a given design
before we prototype any-
thing. Due to the extensive
experience with the technol-
ogy, the multi-physical be-
haviour is not the main chal-
lenge: It is in the sep-
arate domains we see the
biggest challenges. Exam-
ples of these challenges are
gluing of titanium plates as
well as temperature isola-
tion and mitigation of vi-
brations of electrical com-
ponents. Other challenges
include spending a lot of
time, effort and resources
on component qualification
tests. They mitigate varia-
tion primarily through tight
mechanical tolerances and
quality control of all elec-
tronic components.

Company H develops and
builds large industrial ma-
chinery and integrate sen-
sors to enhance the control.
Their production volume is
low and their standard ma-
chinery are not changed too
much between design itera-
tions as the company prof-
its a lot from aftersales and
maintenance services. Their
development process is di-
vided into mechanical, elec-
trical and software design.
When the machine has been
built and the task of de-
signing the control system
reaches the software depart-
ment it is a challenge to
gather all necessary details:
Often it is just a question
of adjusting the software to
the reality. They have lim-
ited access to full scale field
tests before commissioning
due to the size of the ma-
chinery, so the design of the
control software is assessed
through virtual simulations.
Company K has experienced
challenges with sensors due
to mechanical wear on the
surface of a capacitive scale
and due to dust particles dis-
turbing the laser of position
sensors. Nevertheless, sen-
sor system challenges only
leads to delays of 2-4 weeks
and hence the if it works it
works-methodology is suc-
cessful.

Table 4. Company profiles in the shallow integration/narrow technology square in Fig. 1.
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III Challenges with technological domestication

Company A (Sensing) Company B (Sensing) Company L (Consulting) Company M (Consulting)

Company A is developing
sensors, hardware and
software for digital integra-
tion of sensors into large
industrial systems. The
interviewee is involved in
vertical integration which
is the hardware connecting
the sensors on the shop floor
with the higher level system.
The interviewee related that
the pace of the technolog-
ical evolution forced them
to develop new product
version through very short
cycles: Computing power
is continuously enhanced,
the whole industry [. . . ] is
enormously moving. There
are continuously new soft-
ware stacks, new vertical
stacks and this is why we
need to be fast and cannot
afford a years’ development
cycle. The goal is three
months development times.
The interviewee reported
how a platform oriented
design approach makes the
three month development
cycle possible despite cer-
tification bureaucracy as
it allows them to combine
pre-qualified components.
Then they only have to go
through system tests before
they would be ready to
launch a new version. One
of the most challenging
pre-qualification activities
is temperature simulations
used to balance the trade-off
temperature vs. size of the
housing, which refers to
adequate cooling of the
hardware components.

Company B develops a wide
range of sensors for differ-
ent industries, both custom-
and ready-made. The inter-
viewee related that the most
challenging part of sensor
system design was to gather
all requirements including
specific test details: The
challenge is how to get the
information, the use cases,
the environmental condition,
the frame conditions in the
application and put it to-
gether. Furthermore, the
interviewee expressed that
the pace of the technologi-
cal evolution was challeng-
ing: The technology is con-
tinuously developing, so we
have to improve the param-
eters of the sensors, which
drives us more and more to
the technical limits. Sensi-
tivity gets higher and higher
and then the accuracy of
whatever you do, the cir-
cuit design and the pro-
duction processes gets more
and more challenging. This
also aggravates the trade-off
between manufacturing and
performance: For example,
I can produce a sensor in
one part, then it is more
flimsy for the production to
assemble it, or I can do it
in two parts, then it is easy
to place it together. But
if you have two parts then
you have the disadvantage
for example that things can
move apart and can add on
tolerances, which is a disad-
vantage for the accuracy of
the product.

Company L is a consul-
tancy focusing on mecha-
tronic product development.
The interviewee relates that
assignments can be solved in
a lot of different ways. You
could say: Should we do
this in hardware, software or
mechanics? Of course, you
can sometimes have a tug
of war about how to solve
it in the best way. But it
rarely develops into any real
dilemmas. Often it is all
about reaching a common
understanding of the pros
and cons for each discipline,
which can be a challenge
in electromechanical inter-
faces: It is very typical for
mechanics and electronics,
because it is two very dif-
ferent worlds that meet and
sometimes it can be hard for
a mechanics-person to un-
derstand why the electron-
ics can be so damn trouble-
some and take so much of
the budget. And vice versa.
Therefore, they often take
this discussion internally to
achieve a balanced perspec-
tive on the adjacent disci-
plines. Due to the variety
of the projects, they have a
pragmatic and test oriented
approach to design assess-
ments. One reason for this
is the following: Sometimes
you can simulate a whole
circuit pretty precisely but
you could have built it and
tested whether you were on
the right track in half the
time.

Company M focuses on en-
abling IoT through a wide
range of sensing technolo-
gies. They strive to build
and test prototypes as early
as possible. One of the inter-
viewees would always pre-
fer to use real data for the de-
velopment of software rather
than simulated data. The
interviewee frequently used
the mantra junk in, junk out
and relates: To use a sim-
ulation model is something
that only makes sense in my
mind if you have a strong
theory domain. You really
have to know what you are
dealing with. For every new
costumer they almost always
have a new sensor and ap-
plication, but the needed fa-
miliarisation buffer differs:
If we are familiar with the
sensors then we know a bit
more about the risks. That
makes us adjust the time
horizon. If we are not fa-
miliar with the sensors but
the scope is somehow lim-
ited, like temperature, CO2
or humidity, which are sen-
sors that outputs raw val-
ues, then there are smaller
risks. But when the sensors
have to be mounted or large
amounts of data like vi-
brations data are outputted,
then the time horizon has
to be increased. And when
we make mistakes in these
projects then it will have
consequences for the deliv-
ery on top of other influenc-
ing factors like manufactur-
ers, deliveries and viruses,
and what else.

Table 5. Company profiles in the shallow integration/wide technology square in Fig. 1.
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IV Challenges with integrating sensing technology and
mechanics

Company J (Industrial) Company K (Consulting)

Company J develops large
industrial equipment per-
forming in very harsh envi-
ronments. The sensor sys-
tems are monitoring many
different processes with a
wide range of technolo-
gies. Most sensor sys-
tem development projects
are based on technologies
that are already applied
in other industries. The
main challenge is integra-
tion and only in special
cases new technology is
needed. The machines were
typically designed before
sensoring was considered.
Only in cases where there
is either a special need or
there is a patent opportu-
nity do we consider devel-
oping proprietary technol-
ogy. Maturing of technol-
ogy to new applications is
a major challenge: We typ-
ically need a few iterations
to arrive at a satisfactory
maturity level before we go
to the customer, but those it-
erations require some tests
that we are hard to perform
in a laboratory. The inabil-
ity to perform these tests
lies in the size of the in-
dustrial equipment and its
remote location. They are
occupied with finding work-
arounds to be able to do it
- by testing in other indus-
tries for example.

Company K is consulting
companies on sensor sys-
tems for medical devices.
The interviewee related that
the early connection with
the customer was critical
for specifying the require-
ments: Understanding if the
main customer has a road
map and what we are de-
signing today may become
just a starting point of next
generations, so we need to
think about some modular-
ity and scalability or if they
are just looking for a re-
ally cost optimised solution,
single design cycle, that is
very minimal and will not
allow any prototype created
in the future or derivatives,
but will be very very close
to the minimal cost of a so-
lution, for example for a
disposable solution. To ad-
dress the variety of compro-
mises between cost and ac-
curacy and to save valuable
development time, Com-
pany E are collecting sen-
sors in a pre-qualification
database: When you are
typically going to use new
technologies, you can find
new components that might
have some bugs that have
not been understood yet, so
you need to spend more
time in simulations, mathe-
matical analysis and char-
acterisation on the build-
ing block itself. You need
to bring everything at the
same maturity level in terms
of knowledge.

Table 6. Company profiles in the deep integration/wide technology
square in Fig. 1.
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Table Caption List
Table 1. Semi-structured interview guide themes and
example questions
Table 2. General challenges among the case companies
identified through inductive mapping

Figure Caption List
Matrix typology for Companies A-M. Common chal-
lenges are included in each quadrant, I-IV.
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