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ABSTRACT
Despite various safety regulations and procedures, work accidents remain a
significant problem in the global process industry as well as the Swedish steel
industry. In order to address personal safety and safety culture, wearable alert
systems based on Internet of Things (IoT) technology were prototyped and tested
with steel workers in iterative workshops following the Constructive Design
Research approach. Results show that interactive textile patches worn on the
protection gear are a simple way of transmitting personal alerts with light. Another
crucial design factor is to enable the communication between the worker, peers and
the control room. The visual design can positively impact the acceptance of the
patch but only adds minimal value to the safety culture. The present study
contributes to the field research by approaching workplace safety and culture with
new, innovative IoT and e-textile technologies and opening up new design spaces
in this area.
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1

INTRODUCTION

1.1

Initial situation: poor occupational safety and many accidents

According to the International Labour Organization ILO, more than 2.78 million
people worldwide die every year due to occupational accidents or work-related
diseases [19]. Thereby industrial workers, and especially metal workers, are often
exposed to numerous hazards like noise, high temperature, gases, unergonomic
machinery and physically demanding tasks. Being accompanied by those unsafe
conditions at the workplace, a major cause of workplace accidents is a poor safety
culture formed by lacking knowledge or training, neglecting safety procedures or
improper use of personal protective equipment (PPE) [19]. Companies have
recognized the financial and human loss of bad occupational safety and health
(OSH) and the benefits of good safety standards in contrast, and not only the
industry: the Swedish government for example, has put research on occupational
health and safety as a high-priority area on the R&D (research and development)
budget until 2027 [30].
OSH is thereby highly influenced by the practiced safety culture often determined
by rules, shared knowledge, values and common behavior among the workers [27].
Studies have shown that the safety culture can be negatively influenced by multiple
factors reaching from simple things like not wearing PPE [24] or more complex
unconscious attitudes like hyper-masculinity and “macho culture”, often the case in
high-risk occupations with male predominance [29]. The workers display their
heroic behavior in showing off physical strength, accepting risks, injuries and pain,
denying help or playing down safety instructions. Eliminating those factors and
establishing a good safety culture is thus essential for a well-working OSH.

Figure 1. Alerting patch on the worker’s jacket

7

1.2

Internet of Things technology and smart textiles as solution?

One way of tackling problems related to work safety is the utilization of Internet of
Things (IoT) technology, where physical objects communicate wth each ither over
the internet. IoT has already proven significant potential for OSH industries [31]
and workplace safety [4]. The main drivers of IoT in these scenarios are wearables,
small computers worn on the body. The International Electrotechnical Commission
distinguishes wearables by their integration level into accessories, electronic
textiles, skin-patchable and implantable wearables [18]. Electronic textiles or smart
textiles sense and respond to environmental stimuli with sensing and actuating as
basic functions and can be enhanced with data processing and communication
elements and differ from traditional clothing in the way that they “have intrinsic
properties that are not normally associated with traditional textiles” [8].
Moreover, smart textiles can be categorized by the degree of integrating electronic
functions into the textile architecture. These range from concepts similar to
wearable computers with the textiles as the sole carrier of electronic components to
electronic fibers, where the intelligent functionality is integrated in the fiber itself
[8].
1.3

Thesis objective and summary

In an iterative and user-centered process within the “Safe IoT” project with the
project partners Boris Design Studio and RISE as well as the industry partners
SSAB and Kanthal, the main purpose is to improve the workplace safety with new
IoT technologies. Thereby various safety-relevant scenarios and wearable solutions
were explored and identified that led among other features like check-in or
reporting risks to designing with smart textiles as personal alert systems. Thus, the
objective of this thesis is to develop, test and evaluate prototypes of smart IoT
solutions, specifically textiles integrated into the personal protective equipment, to
serve as personal alert systems for the steel workers.
This study found that a textile patch can transmit various alerts with light combined
with vibration most effectively. It is important to make use of two complementary
modalities, in case one gets overlooked or doesn’t work well due to the situational
context, for example light alerts during strong daylight. The main contribution of
this work is thereby to open up new design spaces for improving the workplace
safety by means of innovative IoT and e-textile technologies. Reading this paper
also answers the question of how important the visual design of such a wearable
alert system is and its impact on the safety culture.
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2

STATE OF THE ART AND RELATED RESEARCH

Today IoT is emerging in the consumer electronics markets and is already
established in smart home products or personal fitness trackers. For personal use,
wearable devices primarily focus on the use cases of health and fitness monitoring,
notifications and remote control. At the same time, IoT approaches the
manufacturing industry: newer concepts such as the German “Industrie 4.0” and
“Smart Factory” enable new opportunities in efficiency and automation.
Concerning personal safety there are IoT products for both industrial and personal
use; however, PPE enriched with IoT technology to increase the personal safety is
far from mass adoption.
Below an overview of related work, that this study draws on, is presented. The
researches can be thereby categorized into the areas of wearable monitoring for
workplace safety, safety scenarios, design considerations and safety culture.
2.1

Wearable Monitoring for Workplace Safety

Previous research on wearables for workplace safety has mainly focused on
monitoring workers and taking actions in case of abnormal incidents. Kritzler et al.
describe a system of a smartwatch and beacons ensuring the usage of the right PPE
for specific tasks based on the position of the workers [22]. Other studies aim at the
monitoring of the physical condition and vital parameters of the workers to prevent
accidents by exploiting wearable sensors. Thereby researchers have approached
detecting fatigue [1], stress level [17], physical strain [3, 15] or abnormal walking
behavior [32]. The studies by Bernal et al. [3] and Curone et al. [11] offer a more
holistic approach. Apart from the health state of the worker itself, environmental
variables such as high temperature and the presence of toxic gases are detected and
the worker is alerted accordingly.
2.2

Safety Scenarios

Whilst the majority of the above studies focuses on wearable monitoring, Bernal et
al. are the first researchers taking the information loop and communication between
the workers, peers and the control room into account. In their study they describe
four different communication levels for designing wearable safety solutions:
awareness, peer alert, remote supervision and action constraints in case of unsafe
body movement. These communication strategies have proven to be a successful
approach [3] and are further explored in the present paper when identifying suitable
safety scenarios for using a personal alert system.
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Likewise Chen and Lawo illustrate five different scenarios for using smart PPE [7].
The personal protection is thereby established through different mechanisms such
as information and communication, detection of external (i.e. environmental
hazards) and internal (i.e. poor physical condition) threats, active physical
assistance like exoskeletons or by training and instruction [7]. In a similar way
Langereis et al. distinguish applications based on the data stream directions in body
monitoring, biofeedback and remote sensing [23].
2.3

Design Considerations

So far, the design of smart textiles has been primarily driven by the technical
characteristics of the electronic components. However the materiality and user
experience of textiles help to design novel interactions and exploit the true potential
of smart textiles [16]. Applying the smart textile approach to PPE implies many
more design considerations, such as technical constraints like the power supply and
special safety concerns of integrated electronic circuits [5] and functional aspects
like protection, support, wearing comfort and physiological characteristics of the
human body, aesthetics and cultural aspects [25]. For an effective support through
smart PPE the situational context of the workers needs to be known. Additionally,
special design considerations apply to safety-critical and hazardous environments
and emergency cases such as evacuations [26].
The alerts and notifications need to be designed in an effective way delivering the
intended message and supporting the workers in their actions. Previous work in this
field has shown the importance of color-coding and the effectiveness of combining
visual and auditory output in hazardous situations [6]. Also haptic feedback in form
of vibrations has shown potential to awake users and make them react quickly like
Colombo and Rampino describe in their design framework for dynamic products
transmitting various messages from different sources with sensory modalities [10].
However, different interaction modalities may convey different priorities [3]. Thus,
the specific alert design plays a major role in contributing to the workplace safety.
2.4

Safety Culture

The workers’ behavior and attitudes are highly shaped by the underlying safety
culture [27]. Nordlöf et al. found different aspects impacting the safety culture
including the individual responsibility, the trade-off between productivity and
safety, external conditions and the importance of communication between the
workers [27]. Studies found that social influence and the safety climate is also
essential, when it comes to the acceptance of wearable technologies at the
10

workplace [9, 20]. Another study determined factors influencing the usage of eye
PPE and resulted among others in the perception of risks, style, age and gender as
critical impacts [24]. A well-researched topic and possible impact on the safety
culture is the predominant masculinity in high-risk work environments often
resulting in unsafe behavior conserving the social identity and image of the men.
Stergiou-Kita et al. revealed that measures reducing the masculinity at the
workplace can contribute to a safer work environment [29]. Hence a wellconsidered design of the smart textile might have an impact on the safety culture.
In summary, knowledge gaps can be identified in the information loop and
communication between different actors and design considerations including the
alerting effect of interaction modalities and cultural aspects.
The purpose of this study is therefore to increase the personal safety and improve
the safety culture of steel workers by IoT technology and specifically digitalized
PPE. Hence, the goal is to design and prototype textiles as personal alert systems
by means of co-creative prototyping, exploration workshops and user tests. The
research question can be formulated as followed:
How can smart textiles, integrated in the existing PPE, be designed as personal
alert systems to improve the worker’s personal safety and safety culture at the
workplace?
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3

METHODOLOGY

Figure 2. Iterative Design Process in three stages containing different
prototyping and testing activities from phone as output device (left)
to textile patches (right)
3.1

Design Theory

Constructive Design Research (CDR), framed by Koskinen et al. [21] and originally
coined by Frayling under the term “Research through Design” [14] is an iterative
research approach for generating new knowledge by means of designing artifacts.
Figure 2 gives an overview on the created prototypes and related activities during
the whole design process. Thereby Koskinen et al. define three different genres to
approach CDR: lab, field and showroom [21].
Designing textiles as personal alert systems underlies the field approach. Therefore,
the target audience, context and problem were investigated. Based on that,
prototypes were created, tested and evaluated in three iterations with users.
Reflecting upon the insights from each test, the problems were reframed and new
prototypes were created and tested. Therefore, this study procedure follows an usercentered design approach ensuring the design meets the user’s needs [28]. Taking
this concept one step further and involving users as co-designers in the process, the
approach is called participatory design [12], which was applied in the designing
alerts workshop of the second iteration, as shown in figure 2.
To investigate the impact of the designs on the safety culture, the third CDR
approach – showroom – or also known as “Critical Design” was chosen. Three
different textile patch designs with features from other cultures, following the
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provocativeness concept [2], were shown to “reveal hidden values and generate a
debate [13] “.
3.2

Participants

In the project, eight to twelve employees from a Swedish steel company acting as
the industry partner in the project participated in the workshops and user tests. The
users hold different jobs such as maintenance worker, production supervisor, work
environment engineer or protection gear specialist.
3.3

Data Collection and Analysis

During the three workshops field notes, observations and user interactions were
documented in written form as well as with photos and videos. The participants
noted down their findings and impressions on posters and paper, see appendix A.
As some participants preferred to speak Swedish, language barriers were solved by
transcribing the workshops’ recordings, which mainly consisted of the final
presentations and results during the workshops, into English text by Swedish native
speakers of the research team. Using a qualitative analysis approach, the workshops
were summarized in a diary, which was filled by all researchers with impressions.
Additionally, the outcomes were analyzed and discussed in post-workshop
meetings with the whole design team. Reoccurring patterns and noticeable quotes
were identified to create insights that served as the basis for the next iteration.
3.4

Procedures

As illustrated in figure 2, the constructive design research process consisted of three
main iterations that were divided into a prototyping or exploration and a testing
phase. The one-day workshops with the users took place at the industry partner’s
factories in Borlänge or Oxelösund. The textile exploration workshop with the
design team took place at Sliperiet, the research and innovation center at Umeå Arts
Campus in Umeå. Each workshop was divided into the phases of introduction,
prototyping or testing as well as discussion and feedback. The methodological
approach and tested artifacts of each iteration are described in the below chapter.
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4

DESIGN PROCESS

4.1

First iteration: phone alerts

The first iteration concentrated on the exploitation of IoT technology to improve
the communication between the control room and the individual worker by means
of sending and receiving personal alerts. This was realized with a system of the
following three components:
x Dynamic HTML overview map: a floor map with different zones for the control
room operator with live positions of all workers. Zones can be temporarily
changed into danger zones and different alerts (light, sound, vibration) can be
sent out to the workers. The detailed map can be found in appendix B.
x Beacons: used for the positioning of the worker’s phone and the communication
with the control room. Beacons are small battery-powered objects broadcasting
signals via Bluetooth Low Energy technology to phones within a specific nearby
range and triggering actions on the user’s phone when entering this range.
x Mobile phone: for simplicity purposes a phone was used as the output device by
the worker to receive the alerts from the control room. Rather than a graphical
user interface, the device solely acted as the transmitter of light, sound and
vibration.

Figure 3. Test system with dynamic map, beacons and mobile phone as
output device
The system works in the way that the beacons in specific zones recognize nearby
phones. The phones are then shown on the dynamic map in the control room. When
a danger occurs, the control room operator sends out notifications to all phones in
that zone.
In the workshop the participants were divided into five groups with the first task to
develop scenarios from their daily work life suitable for wearable alerts. The
scenario contexts were documented with sticky notes and framed by the keywords
14

What?, Where?, How?, With who? for the situation, Light, Sound, Temperature for
the physical environment and Body Location, Type for the wearable system.
In the next step the scenarios were simulated with the prototyped system. One
person acting as control room operator was chosen and decided depending on the
group scenario, which modality (light, sound or vibration) the workers will be
alerted with. Each group discussed the effectiveness and suitability of the received
alert fitting to their scenario.
4.2

Second iteration: co-designing alerts with littleBits

With the feedback of the last workshop the second iteration focused on the detailed
design of a personal alert and the communication loop in a greater picture. The goal
was to verify the findings from the first iteration and to find out, which modality
would work best on which body part.
In a co-creative workshop, groups of four people were formed and each group
explored in depth one of the interaction modalities of light, sound and vibration
with the littleBits electronic building blocks that allow quick and easy prototyping
by simply snapping together small power, input and output modules with magnets,
see appendix C for examples. The small size of the littleBits also enabled the
participants to put it on different body parts, sense the modality and get impressions
concerning their suitability for certain alerting messages.
The workshop was divided into the following steps, which the participants
documented on posters:
x Familiarizing with littleBits: trying out the working principle and lowering the
fear of contacts.
x Designing alerts with littleBits: adjusting speed, intensity, rhythm, colors,
placing it on the body, trying combinations with other modalities, distinguishing
different kind of alerts
x Sketching the communication loop: how the worker can confirm the received
alert, how the worker can alert the control room or colleagues
x Peer feedback on other groups: voting with hearts on the posters
x Refining and presenting final wearable solution: iterating based on peer
feedback, talking about challenges, the process, benefits, drawbacks and future
considerations
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Figure 4. littleBits set up and group work
4.3

Textile explorations

In the next step, the project concept team of five designers did a workshop at the
Soft Lab of Sliperiet, the research and innovation center at Umeå Arts Campus. The
intention of the workshop was to explore the properties and structure of different
textiles and set the basis for the further design process of the personal alert system.
The main task was to express the three words “ALL OK”, “UNEASE” and
“DANGER” with various textiles.
Moreover, the designers experimented with different processing techniques such as
embroidery, laser cutting textiles or sewing with conductive thread using the
LilyPad Sewable Electronics kit, which can be seen in appendix D. The Soft Lab
leader gave recommendations on conductive behavior, short-circuiting and power
supply. In a follow-up sketching session with all designers, ideas on the technical
implementation of the textile alerts were drafted.
4.4

Third iteration: interactive textile patch and safety culture

Figure 5. Technical layer, mobile app and finished “Work Wear” patch
In multiple sessions, the concrete textile implementation was sketched out and
prototyped (see appendix E) ending up in a small wearable patch as shown in figure
5 with the following features:
16

x Visual cues for four different alerts: gas, fire, explosive area, wear special gear
x Blinking LEDs in different colors for each alert. All LEDs light up for the use
case of increased attention
x Communication via Bluetooth to a mobile app that acts as the control room
sending out the alerts
x Smart physical confirmation button which sends an SMS to the control room (“I
am safe”) by pressing it
The technical layer of the patch was realized with a LilyPad Arduino main board,
four LilyPad LEDs in different colors, a Bluetooth module, a power module and
conductive thread connecting everything sewed on a simple fabric. The patch is
powered by a small Lithium Polymer battery (3,7V, 850mAh), which can be
recharged via an USB cable connected to the power module. Before sewing
everything together, the system was prototyped with an Arduino Uno and jumper
wires.
The Android-based mobile app demonstrates the control room connected to the
patch via Bluetooth. When pressing an alert button in the UI, the corresponding
LED on the patch lights up. The Android based mobile app was developed with
App Inventor by MIT (Massachusetts Institute of Technology) enabling simple
coding with graphical blocks.
The aim of the physical confirmation button was to illustrate the alert reaction in a
simple way rather than wasting time on technical programming. A “Flic” button, a
smart Bluetooth button that by pressing triggers any action on a connected
smartphone, is placed in the middle of the patch underneath the green check symbol.
Apart from the technical implementation, the second factor was the actual design,
look and feel of the patch. Figure 6 shows the different cultural directions that were
created based on the observations and quotes by the participants in the previous
user test as well as based on the discussions during the textile exploration workshop.
To transmit the different directions of safety culture, mood boards were also created
during the process.
The first design approach is the implemented patch called “Work Wear” out of
denim fabric depicting durable workwear in its planned context. The round shape
makes the alerts equal in terms of hierarchy. The alerts and the centered
confirmation connected to all alerts are expressed by simple embroidered icons as
shown in figure 8. Holes in the places of the LEDs allow them to shine brighter.
17

The icon style direction used for this design was based on how alerts and danger
icons look today. Due to time restrictions only this patch was implemented as a
working prototype. For the other directions, the patches were printed on paper and
enhanced with suitable fabric samples.
The second design direction “Club” draws from the embroidered patch trial in
figure 7. This design aims to convey a strong common and “cool” identity among
the workers borrowed from the biker culture and is expressed by a skull surrounded
by more aggressive shapes that express the different alerts, embroidered on a black
stiff fabric. The background for this direction is grounded in the more problematic
side of the safety culture described to us. By bringing this up, the idea was to also
get the discussion going on the topic - What safety culture do we want and how do
we get there?
The third cultural design “Hero” is based on the idea that the true heroes in this
environment are the ones that put safety first. It builds upon heroes such as
Superman with comic-like elements with hard shadows tilted to create a sense of
movement and ordered in an emblem shape. The fabric sample for this was a part
of a yellow rubber glove. The expression sought after was the one of a cyborg with
a robotic arm, empowering the user with technical intelligence.
The last cultural design called “Home” is a round mandala shape showing the alerts
in circular patterns and in soft pastel colors on a soft, fluffy fabric. The intention
was to remind the workers of their home and family and by that explore if they
would be less inclined to take risks.

Figure 6. Patch designs with fabric samples conveying different safety
feelings
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In the final user test, the “Work Wear” patch, stitched to a protection jacket, was
first explained and demoed. Then the users could wear the jacket one by one and
receive the different alerts leading to a group discussion about the patch. After that,
the additional three designs were shown on a whiteboard and the participants were
asked to debate about their effect on the safety culture within the company. As an
outlook, future concepts such as small flexible, e-printed Acreo display, conductive
Velcro and a Flic button as SOS help between workers were explained and shown.
In the end, the participants filled out feedback questionnaires with thirteen open
questions.
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5

RESULTS

5.1

Main insights from the first iteration with phone alerts

In the workshop, groups sketched out scenarios suitable for a wearable alert system
that were then acted out with the devices and discussed, see appendix F. As for the
results of the scenarios, two groups didn’t specify the kind of occurring danger, two
groups specified the occurring danger with a fire or gas alert, and one group with a
production line stop.
Two groups developed scenarios of a single worker in the warehouse with low light,
high noise level and varying temperature. For alerting both groups used flashing
lights on the wrist. Another scenario was a group of maintenance workers in high
altitude in a dirty environment and warm temperatures with good light. They chose
to receive alerts by blinking lights on the helmet. One group described the scenario
of five operators working at the line with both dark and bright light conditions and
warm temperature and a loud sound. They described different types of notifications:
light on the helmet, sound in the earmuff and vibration on the wrist. The fifth group
described a scenario of 20 people working in a regular office room with good light
and low volume. They chose light on the table for receiving danger alerts.
The results of the acted-out scenarios and reception of the phone alerts can be
summarized by the following aspects:
x Device: all participants criticized the big size of the phone as output device,
which made it hard to imagine and test the alerts anywhere on the body.
x Interaction modality: four out of five groups preferred light as the alerting
modality. One group discussed a solution with multiple complementing
modalities including sound in the ear protection and vibration on the wrist.
However, one participant mentioned:
“Alerting with sound only makes sense when it can be differentiated well from
surrounding noises.”
The participants liked the idea of adjusting the interaction modality to the
situational context, but also commented critically on the fact that only one
modality with one level of intensity could be tested at the same time and that a
combination of modalities would be more effective. Additionally, the users
mentioned it would be helpful for further investigations to go more in detail how
alerts can be designed and how they can be distinguished.
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x Body placement: regarding the placement of the alert on the body all participants
preferred either the helmet or the wrist to receive an alert. The groups also
analyzed the visibility of the alert to the worker as well as to other colleagues.
One user mentioned:
“Maybe it is easier to help your colleagues when you see them blinking instead
of recognizing the alert on your own body.”

Figure 7. Sketching out scenarios in groups and simulating alerts on the neck
and helmet
x Communication loop: three participants argued that the whole alerting system is
missing one crucial thing, which is feedback from the worker back to the control
room that would help the control room to know if the worker understood the
alert and is safe or not. Beyond, the users imagined scenarios, where the
communication is not one-sided, but can also pass from the worker to the control
room or to other workers.
A difficulty during the test was the interference between the beacons that led to
overlapping alerts and multiple simultaneous outputs on the mobile phone.
5.2

Main insights from the second iteration with littleBits

The results of the littleBits prototyping workshop can be summarized as followed:
x Device: All participants prefer to have the personal alert system either integrated
in the protection helmet or as a “wearable tag”, placeable anywhere on the upper
body.
x Interaction modality and body placement: Many
participants
expressed
themselves positively about the small size and flexibility of the littleBits that
allowed a realistic simulation on the body. The group who worked with vibration
as their main modality developed a solution with fast vibration on the forehead
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inside the helmet combined with a blinking light. They tried the littleBits
vibration motor on different body parts, but disagreed on the sensing comfort:
“I personally would feel uncomfortable having something vibrating on my chest
or neck. The wrist is possible, but it has to be very close to the skin in order to
be effective, the protection jacket is quite heavy.”
The sound group decided to combine sound with light and vibration as they
stated:
“You cannot rely on sound alerts, as you never know how loud the surrounding
noises are, usually quite loud.”
Beyond, the users mentioned that hearing the sound of the littleBits buzzer close
to your ear is disturbing after a certain time. However they imagined an
increasing sound volume to be useful, the closer you come to a dangerous zone.
They prototyped a wearable tag with light and vibration to be placed on the chest
or wrist.

Figure 8. Prototyping results with littleBits
The group who worked with light first tried a pulsating light on the integrated
goggles of the helmet and figured out:
“We have to find a balance between drawing attention and not disturbing the
person or even affecting others.”
After some trials, they prototyped a wearable solution with light and vibration based
on the removeable smartwatch display of one participant that can be enhanced with
sensors monitoring the vital parameters of the person.
x Meaning of alerts: all groups discussed the meaning of different alerts. One
group stated only to use this system for the purpose of contacting the control
room immediately, whereas the other groups would use it for different levels of
danger like increased attention, evacuation in case of fire or when entering a
22

possibly explosive zone. For that, they discussed the current color usage inside
the company and came to the conclusion that white and blue is not used yet and
thus fits for communication purposes, whereas red and yellow is for signaling
danger. To make the meaning of the alerts more clear, three participants
suggested an additional small display to show further information on the
smartphone and one group suggested to use symbols next to the alerting light.
x Communication loop: to confirm the received alert back to the control room, two
groups prefer a button in the wearable tag. Likewise the groups would use a
button to send out alerts and notifications to the control room or co-workers. The
third group favors tapping the helmet as a confirmation. They also tried out
different gestures, but mentioned it might look awkward.
x Challenges: during the presentation of their prototyped solutions to the other
groups the participants also stated some challenges for the development of such
a system. One aspect was the technical feasibility including washability, power
supply and durability in harsh environments. Another aspect concerned the
regulations, two participants stated they don’t always have to wear the helmet,
thus to place the alerts there “is useless”. Furthermore there are areas on the
plant where smartphones are not allowed.
During the last feedback round, the workshop was received very positively by
all twelve participants:
“I liked the playful approach and it was fun to experiment with technology that
really triggered creativity.”
“It was good to hands-on think what we really need and iterate quickly with the
littleBits. The peer feedback was useful to rethink our solution.”
5.3

Main insights from the textile exploration workshop

In the textile exploration workshop with the whole design team at Sliperiet, the task
was to express the three words “ALL OK”, “UNEASE” and “DANGER” with
various textiles as shown in figure 9. From that, three main clusters emerged on
how to express these different alert stages:
x Visual cues: expressing the states with light, symbols or written words
x Tactile sensation: different feelings when touching the skin, from soft to rough
x Aesthetics of shapes: apart from expressing the alert stages, how do female and
male shapes look like and how can they be expressed in the alert system? This
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exercise also resulted in the idea of designing different patches that convey
different feelings of safety.
The simplicity, small size and suitability for textile use cases of the LilyPad, an
Arduino based micro-controller for soft electronics, led to the decision to use it for
the further design process.
In a follow-up sketching session with all designers, ideas on the technical
implementation of the textile alerts were drafted, leading to a small flexible patch
to be put on the worker’s jacket.

Figure 9. Textile samples and results from the textile exploration workshop
5.4

Main insights from the third iteration

In the user test the patch was perceived positively. The participants mainly
mentioned the functional and attractive design with clear symbols and a
professional look, the simplicity and the bi-directional interaction.
“It is interesting, it is smart, easy to understand and to use. It will come shortly, I
am convinced.”
“The patch is playful and catches your eye. You want to know more about it. It is
exciting to interact with it.”
The participants concluded that the symbols help people with color-blindness to
understand the alerts. Two participants preferred a higher contrast between the
patch and the jacket to attract more attention.
Concerning the modality, the users liked the possibility of different blinking rates
of the light. Eight out of ten participants criticized the small size and weakness of
the lights, which could be easily overseen. Five participants suggested to
additionally use vibration in case the worker doesn’t see the light.
The users also expressed certain doubts regarding the technical feasibility of the
patch including battery lifetime, resistance against dirt and fire and the low
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Bluetooth range. Being able to remove the patch and realizing it as a mobile solution
was an important point during the discussion.
Three participants imagined a highly mobile solution with Velcro on the jacket to
easily detach it considering that often the jacket is changed multiple times during
the day. Furthermore, they mentioned the scenario of having certain collection
points with baskets across the plant where you can flexibly pick up a patch when
entering a dangerous area. Two participants preferred to be able to personalize the
patch instead. Beyond it was discussed that different work groups could also be
distinguished by different colored patches. One participant also thought that the
patch can be even more textured, so that the user likes to touch it and has a positive
feeling.
In terms of the safety culture, the opinions were two-folded. Four participants said
the design of the patch couldn’t have an influence on the safety culture, two were
unsure and four confirmed a possible effect on the safety culture:
“No, I don’t think so, safety should be standardized.”
“Maybe to a certain degree, but the appearance has to be professional. Things that
look like toys are absolutely misplaced in dangerous work environments.”
“Yes, with the patch I have the feeling somebody cares about my personal safety
and that I am not being forgotten.”

Figure 10. Testing the “Work Wear” patch
Two users also mentioned the missing presence of a real safety culture at the
moment.
Nine out of ten users preferred the design of the implemented “Work Wear” patch
as it is the most professional and clear one. One participant liked the “Home”
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approach the most because of its high contrast to the usual work environment and
the different approach towards safety. The “Club” design was not favored as the
participants mentioned that this kind of aesthetics would not support a positive
approach to safety. Three participants could also imagine the “Hero” patch as it is
a young and fresh approach. Additionally, a hero program with rewarding
employees for special merits towards safety at work already exists in the company.
5.5

Summary

The derived insights and results from the iterative design process lead to the
following design recommendations: to efficiently support the worker, comply with
existing rules and standards, and not disturb from the actual work, a textile
integration into the existing PPE as output device showed great potential.
Furthermore, the wearable alert system should be placed on the arm to ensure high
perceptibility of the light alerts. Light in combination with vibration was received
as the most effective modalities to transmit danger alerts. As for the scenario, the
wearable alert system aims to make workers aware of dangers and make them act
accordingly. The feedback back to the control room was seen as an important
feature of such a system. A clear, simple and professional design was preferred over
three further designs conveying different senses of safety. According to the
participants the visual design has little influence on the safety culture.
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6

DISCUSSION

This study explored the design of textiles as a personal alert system to improve the
worker’s safety and safety culture. In an iterative design process, different artifacts
were prototyped and tested with the main evaluation focus on suitable output
devices, body parts and interaction modalities for a personal alert system, resulting
in a textile patch with alerting lights placed on the worker’s jacket.
6.1

Safety Scenarios and Use Cases

While the current work and usage of IoT technologies for workplace safety focused
on the body monitoring of workers, this study took a different approach with the
alert communication between the control room and the individual worker.
Especially the communication levels of awareness, peer alerts and remote
supervision formed by Bernal et al [3] have shown high potential for possible use
cases of such a system. A well-thought communication between the involved
parties and a bi-directional interaction is a key driver for the success of such a
system.
Moreover, the concept of warning the worker to wear a specific protective gear
based on the location, as Kritzler et al. described [22], was perceived as very useful.
Nonetheless, the scope of functionality should be discussed, as one group in the
littleBits workshop would use it only to make the worker clear to contact the control
room, whereas others preferred to transmit different kinds of danger alerts.
Beyond the control room, many participants also mentioned the usefulness of alerts
among the workers themselves, for example if someone needs help when working
alone. The suggestion of assigning safety buddies with monitoring each other’s
state and receiving alerts in case the other person needs help, was received very
positively and could possibly contribute to the safety behavior in a positive way.
Chen and Lawo describe five scenarios for the usage of smart PPE [7] with the
protection through communication and information, detection of external and
internal threats, active physical assistance or training and instruction. The present
textile patch therefore illustrates the protection by communication and warning of
external threats through the control room. The concept in this study differentiates
from the work by Chen and Lawo in the way that the alert triggering is solely done
manually by the control room, whereas Chen and Lawo speak of automatic
detection of threats through sensors, machines and robots making real use of the
IoT technology. The working principle described in this study corresponds to
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Langereis et al. and their concepts of the data stream direction with environmental
monitoring and based on that actuating on the human body [23].
It can be argued that this study is an attempt to embody different concepts not
focusing on the technical implementation, thus the alert triggering is realized
manually. However, next steps like automatic detection, integration with machines,
positioning and internal body monitoring was requested by half of the participants
in the final test, which proves the high potential of developing the concept further.
6.2

Design Considerations

The textile exploration workshop revealed the importance of tactile sensations,
materiality and textile qualities when designing the specific interaction. This was
confirmed by one participant’s statement in the last test:
“The patch feels nice, sensible and personal. It can have even more texture, so that
the user wants to touch it.”
E-textile interaction design primarily follows concepts from more known, related
fields like Tangible Interaction Design, or Wearable Computing [16]. Still the main
challenge included the contrasting property of soft textiles and hard electronic
components. The LilyPad Arduino as a soft and flexible electronic depicts a good
starting point of bringing the two directions together.
Like Bredies et al, the present study found that textile materials and their aesthetic
and shape-reforming capabilities can contribute to engaging, novel digital
interactions [16]. However, the materiality needs to be investigated further, which
goes hand in hand with Bredies’ et al. call for a new area of material-specific etextile interaction design.
During the design process different output artifacts were tried out as the transmitter
of alerts. The phone mobile failed in the first iteration, because it was too big, not
enough sensible in the worker’s pocket and not allowed in all factory areas. Moving
forward, the littleBits prototyping resulted in wearable solutions like in the helmet,
as wristband and as a removeable tag on the upper body. User statements and the
protection gear regulations led to the decision to exclude the helmet from the further
design process. Some participants proposed a watch-like solution on the wrist in all
iterations, but other participants countered with the fact that jewelries are not
allowed and one could get stuck. Taking all these insights into consideration led to
the decision for designing the textile patch or as one user put it:
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“The personal alert system has to support the user and create awareness, but it
mustn’t disturb him from his actual work.”
In terms of suitable interaction modalities, the study has revealed that light alerts in
combination with vibration on the upper body is the most promising approach for a
wearable alert system. Combining two modalities lowers the risk of missing out an
alert. Chan and Ng found that the combination of visual and auditory signals is
effective to convey alerts in hazardous situations [6], even though in this work
sound as interaction modality for a personal alert system was considered useless
due to the high background noises. Still this study agrees with Chan and Ngs’
findings of the importance of different flash rates and colors to transmit different
levels of hazards [6]. Color turned out to be a good indicator for distinguishing
different alerts. Nevertheless, to interpret the alert meanings correctly, it should not
be the only modality used. Beyond, workers should be taught the different alert
meanings.
In their work about information embodiment, Colombo and Rampino describe a
design framework for dynamic products based on 48 samples and the use of sensory
modalities transmitting various messages from different sources [10]. According to
this framework, the patch can be classified as a product conveying action-aimed
messages, which means to exhort the user to undertake an action, coming from the
environment. For this combination, the authors found among all samples, vibration
and behavior-changing light as the most present stimuli, whereas color was almost
absent in action-aimed messages. This differs from the finding in this study, where
color was an important transmitter of different alerts. Besides, Colombo and
Rampino leave the question of combining different stimuli in one product unsolved.
This question is also central for the further development of the design artifact in this
study. As the users mentioned during the tests, vibration can only be effective when
it is sensed directly on the skin, which implies an embedded, hidden artifact within
the protective gear. This however, contradicts with the finding of using visible
lights to create awareness, which leads to designing an alert system on the outer
gear rather than the inner layer. Hence, combining vibration and light in an effective
way involves a great challenge for the design of a textile alert system and needs to
be investigated further.
The technical feasibility of such a personal alert system was widely discussed in all
iterations. The beacons possessed some flaws regarding the interference and
complicated set-up. The littleBits were a great tool to trigger creativity and create a
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playful environment while designing and prototyping alerts. Still, these modular
blocks are not intended for industrial use. For the textile direction, the Lilypad
Arduino turned out to be an appropriate choice as it is washable, heat-resistant and
flexible. However, some participants criticized the durability in harsh
environments. Also, the battery lifetime and wireless communication range are
factors to be considered in the future. Sustainability factors such as battery
charging, washability and repairability also play a crucial role for the further
development. The proposal of one participant to have a highly mobile solution with
(charging) baskets with the patches in front of dangerous zones, seems to be a
promising approach for solving some of the technical constraints. After all, the
textile patch should be seen as a proof of concept depicting great potential rather
than a finished product.
6.3

Safety Culture

During the third iteration the influence of the textile patch on the safety culture was
tested by means of different designs. Even though the most users preferred the
neutral “Work Wear”, they indicated to have different colors for different work
groups to create a shared identity. This and the fact that the patch “should not look
like a toy, but professional” and “it gives you the signal you are safe” agrees with
Choi’s et al. study on the acceptance of wearable technologies at the workplace,
which found that social influence and perceived usefulness are important factors
[9].
A study by Lombardi et al. revealed style as an important aspect for using eye PPE,
especially among young people and women [24]. Interestingly, the participants in
this study mentioned that, if they were younger, they would probably like the
“Hero” design more. On top, it was a woman who preferred the softer “Home”
approach, which intended to elicit a debate on the predominant masculinity at the
industrial workplace. Stergiou-Kita et al. found that lowering the masculinity at the
workplace can create a safer work environment [29]. The present study cannot
answer the question, if a more feminine patch design is the right measure for
lowering the masculinity or how gender gaps can be closed. The fact that the
participants didn’t prefer the more aggressive and biker-like “Club” patch at all
however supports the previous study in terms of equally addressing all genders with
an inclusive design. Hence, style can be a factor for the acceptance of the patch, but
most users don’t account it or are unsure about style as a crucial factor towards the
safety culture.
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The findings for the importance of communication match with Nordlöf’s et al.
research of factors describing the safety culture. They found that especially the
collaboration between colleagues has a positive impact. Enhancing the patch with
functions to communicate between workers or the introduced method of assigning
safety-buddies between the workers thus seems to be a promising and positive
approach towards the whole safety culture.
6.4

Reflections on the Research Methodology

The applied research method with an iterative and user-centered design process has
yielded useful results and insights. The participatory design workshop with codesigning alerts together with the users has triggered their creativity, lowered the
fear of contact with technology and produced results that fit the workers’ needs.
The different iterations were helpful to narrow down, refine and test the real
problems and find corresponding solutions. Still, including the users more during
prototyping the patch for example and follow an even more participatory approach,
could have resulted in more targeted and suitable results. Additionally, testing in
the real context of use and scenarios, long-term testing or diary studies could have
led to a better understanding of the users’ specific behavior in dangerous situations
and might have uncovered technical constraints of the wearable solution in a better
way. The cultural debate emerging from the showroom or critical design method to
make the participants aware of thinking about the presence and influence of safety
culture might have been more vivid with actual built patches rather than printing
the designs on paper. Beyond, “hidden” cultural or macho behaviors that were not
revealed during the workshops due to the fact that the users might have interacted
differently with the external and female project team, need to be further explored
through for example cultural probes that allow the researcher to be as unobtrusive
as possible to not influence the users’ behavior.
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7

CONCLUSION

The intention of this work was to improve the personal safety of steel workers and
safety culture by IoT technology and specifically smart textiles integrated into the
PPE. In an iterative and co-creative design process safety-related scenarios and
wearable prototypes were created, tested and evaluated with a focus on the
communication between the involved parties and the design considerations
including interaction modalities, body placement and different visual designs
depicting distinct safety values.
The design process led to a textile patch worn on the arm transmitting different
danger alerts with light to the individual worker, enhanced with a confirmation
button back to the control room. The user test revealed that using a combination of
two interaction modalities such as light and vibration is perceived more effective
than only light. Furthermore, a professional and functional design with clear alert
meanings is more important than a specific visual design illustrating different safety
values, which according to the participants doesn’t add much value to the safety
culture. Even though the textile patch has to prove its true potential in the real
context of use, this work opens up new design spaces for improving the workplace
safety with innovative technologies by means of IoT and e-textiles.

32

REFERENCES
[1]

Ashrant Aryal, Ali Ghahramani, and Burcin Becerik-Gerber. 2017. Monitoring
fatigue in construction workers using physiological measurements. Automation in
Construction 82, 154–165. DOI: https://doi.org/10.1016/j.autcon.2017.03.003.

[2]

Shaowen Bardzell, Jeffrey Bardzell, Jodi Forlizzi, John Zimmerman, and John
Antanitis. 2012. Critical design and critical theory: the challenge of designing for
provocation. In Proceedings of the Designing Interactive Systems Conference. DIS
2012; Newcastle Upon Tyne, United Kingdom, June 11 - 15, 2012. ACM, New
York, NY, 288. DOI: https://doi.org/10.1145/2317956.2318001.

[3]

Guillermo Bernal, Sara Colombo, Mohammed Al Ai Baky, and Federico
Casalegno. 2017. Safety++. Designing IoT and Wearable Systems for Industrial
Safety through a User Centered Design Approach. In Proceedings of the 10th
International Conference on Pervasive Technologies Related to Assistive
Environments - PETRA ’17. ACM Press, Island of Rhodes, Greece, 163–170.

[4]

Annalisa Bonfiglio, Davide Curone, Emanuele L. Secco, Giovanni Magenes, and
Alessandro Tognetti. 2011. Emergency and Work. In Wearable Monitoring
Systems, Annalisa Bonfiglio and Danilo de Rossi, Eds. Springer US, Boston, MA,
205–219. DOI: https://doi.org/10.1007/978-1-4419-7384-9_10.

[5]

J.-P Buchweiller, A. Mayer, R. Klein, J.-M Iotti, A. Kusy, D. Reinert, and E.
Christ. 2003. Safety of electronic circuits integrated into personal protective
equipment (PPE). Safety Science 41, 5, 395–408. DOI:
https://doi.org/10.1016/S0925-7535(01)00075-3.

[6]

Alan H.S. Chan and Annie W.Y. Ng. 2009. Perceptions of implied hazard for
visual and auditory alerting signals. Safety Science 47, 3, 346–352. DOI:
https://doi.org/10.1016/j.ssci.2008.06.003.

[7]

Dongyi Chen and Michael Lawo. 2017. Smart Textiles and Smart Personnel
Protective Equipment. In Smart Textiles, Stefan Schneegass and Oliver Amft, Eds.
Human–Computer Interaction Series. Springer International Publishing, Cham.

[8]

Kunigunde Cherenack and Liesbeth van Pieterson. 2012. Smart textiles. Challenges
and opportunities. Journal of Applied Physics 112, 9, 91301. DOI:
https://doi.org/10.1063/1.4742728.

[9]

Byungjoo Choi, Sungjoo Hwang, and SangHyun Lee. 2017. What drives
construction workers' acceptance of wearable technologies in the workplace?:
Indoor localization and wearable health devices for occupational safety and health.
Automation in Construction 84, 31–41. DOI:
https://doi.org/10.1016/j.autcon.2017.08.005.

[10] Sara Colombo and Lucia Rampino. 2013. Information embodiment. How products
communicate through dynamic sensory features. In Proceedings of the 6th
International Conference on Designing Pleasurable Products and Interfaces DPPI ’13. ACM Press, Newcastle upon Tyne, United Kingdom, 211. DOI:
https://doi.org/10.1145/2513506.2513529.
[11] Davide Curone, Emanuele L. Secco, Alessandro Tognetti, Giannicola Loriga,
Gabriela Dudnik, Michele Risatti, Rhys Whyte, Annalisa Bonfiglio, and Giovanni
Magenes. 2010. Smart Garments for Emergency Operators. The ProeTEX Project.
IEEE Transactions on Information Technology in Biomedicine 14, 3, 694–701.
DOI: https://doi.org/10.1109/TITB.2010.2045003.
33

[12] Pelle Ehn. 2008. Participation in Design Things. In Participatory Design
Conference Proceedings, Toni Robertson, David Hakken and Jesper Simonsen,
Eds. Indiana University Conference Bureau, [Place of publication not identified].
[13] Jodi Forlizzi, John Zimmerman, Paul Hekkert, and Ilpo Koskinen. 2018. Let's Get
Divorced: Constructing Knowledge Outcomes for Critical Design and Constructive
Design Research. In Proceedings of the 19th International ACM SIGACCESS
Conference on Computers and Accessibility - DIS '18. ACM Press, New York,
New York, USA, 395–397. DOI: https://doi.org/10.1145/3197391.3197395.
[14] Christopher Frayling. 1993. Research in art and design. Royal College of Art
research papers, vol. 1, no. 1. Royal College of Art, London.
[15] Umberto C. Gatti, Giovanni C. Migliaccio, and Suzanne Schneider. 06162011.
Wearable Physiological Status Monitors for Measuring and Evaluating Workers'
Physical Strain: Preliminary Validation. In Computing in Civil Engineering (2011).
American Society of Civil Engineers / ASCE, Reston, VA, 194–201. DOI:
https://doi.org/10.1061/41182(416)24.
[16] Ramyah Gowrishankar, Katharina Bredies, and Salu Ylirisku. 2017. A Strategy for
Material-Specific e-Textile Interaction Design. In Smart Textiles, Stefan
Schneegass and Oliver Amft, Eds. Human–Computer Interaction Series. Springer
International Publishing, Cham.
[17] Lu Han, Qiang Zhang, Xianxiang Chen, Qingyuan Zhan, Ting Yang, and Zhan
Zhao. 2017. Detecting work-related stress with a wearable device. Computers in
Industry 90, 42–49. DOI: https://doi.org/10.1016/j.compind.2017.05.004.
[18] International Electrotechnical Commission. 2018. IEC TC 124 Strategic Business
Plan (2018). Retrieved April 2, 2019 from https://www.iec.ch/public/miscfiles/sbp/
124.pdf.
[19] International Labour Organization. 2019. Safety and health at work (April 2019).
Retrieved April 1, 2019 from https://www.ilo.org/global/topics/safety-and-healthat-work/lang--en/index.htm.
[20] Jesse V. Jacobs, Lawrence J. Hettinger, Yueng-Hsiang Huang, Susan Jeffries,
Mary F. Lesch, Lucinda A. Simmons, Santosh K. Verma, and Joanna L. Willetts.
2019. Employee acceptance of wearable technology in the workplace. Applied
Ergonomics 78, 148–156. DOI: https://doi.org/10.1016/j.apergo.2019.03.003.
[21] Ilpo K. Koskinen, John Zimmerman, Thomas Binder, Johan Redstrom, and
Stephan Wensveen. 2011. Design Research Through Practice. From the lab, field,
and showroom. Morgan Kaufmann/Elsevier, Waltham, MA.
[22] Mareike Kritzler, Martin Bäckman, Anders Tenfält, and Florian Michahelles. 2015.
Wearable technology as a solution for workplace safety. In Proceedings of the 14th
International Conference on Mobile and Ubiquitous Multimedia - MUM ’15. ACM
Press, Linz, Austria, 213–217. DOI: https://doi.org/10.1145/2836041.2836062.
[23] G. R. Langereis, S. Bouwstra, and W. Chen. 2013. Sensors, actuators and
computing systems for smart textiles for protection. In Smart textiles for
protection, Roger Chapman, Ed. Woodhead publishing series in textiles.
Woodhead Publishing Limited in association with the Textile Institute, Oxford.
[24] David A. Lombardi, Santosh K. Verma, Melanye J. Brennan, and Melissa J. Perry.
2009. Factors influencing worker use of personal protective eyewear. Accident;
analysis and prevention 41, 4, 755–762. DOI:
https://doi.org/10.1016/j.aap.2009.03.017.
34

[25] J. McCann, R. Hurford, and A. Martin. 2005. A Design Process for the
Development of Innovative Smart Clothing that Addresses End-User Needs from
Technical, Functional, Aesthetic and Cultural View Points. In Ninth IEEE
International Symposium on Wearable Computers (ISWC'05). IEEE, 70–77. DOI:
https://doi.org/10.1109/ISWC.2005.3.
[26] Simon Nestler. 2019. Safety-critical human computer interaction. it - Information
Technology 0, 0. DOI: https://doi.org/10.1515/itit-2018-0037.
[27] Hasse Nordlöf, Birgitta Wiitavaara, Ulrika Winblad, Katarina Wijk, and Ragnar
Westerling. 2015. Safety culture and reasons for risk-taking at a large steelmanufacturing company. Investigating the worker perspective. Safety Science 73,
126–135. DOI: https://doi.org/10.1016/j.ssci.2014.11.020.
[28] Elizabeth B.-N. Sanders. 2002. From User-Centered to Participatory Design
Approaches. In Design and the Social Sciences, Jorge Frascara, Ed. CRC Press.
[29] Mary Stergiou-Kita, Elizabeth Mansfield, Randy Bezo, Angela Colantonio, Enzo
Garritano, Marc Lafrance, John Lewko, Steve Mantis, Joel Moody, Nicole Power,
Nancy Theberge, Eleanor Westwood, and Krista Travers. 2015. Danger zone: Men,
masculinity and occupational health and safety in high risk occupations. Safety
Science 80, 213–220. DOI: https://doi.org/10.1016/j.ssci.2015.07.029.
[30] Swedish Work Environment Authority. 2016. Swedish Work Environment
Research 2017–2027 (2016). Retrieved from https://www.av.se/globalassets/filer/
publikationer/rapporter/swedish-work-environment-research-2017-2027-input-tothe-governments-research-policy-report-2015-18-eng.pdf.
[31] Montbel Thibaud, Huihui Chi, Wei Zhou, and Selwyn Piramuthu. 2018. Internet of
Things (IoT) in high-risk Environment, Health and Safety (EHS) industries. A
comprehensive review. Decision Support Systems 108, 79–95. DOI:
https://doi.org/10.1016/j.dss.2018.02.005.
[32] Kanghyeok Yang, Changbum Ahn, Mehmet Vuran, and Hyunsoo Kim. 2016.
Sensing Workers Gait Abnormality for Safety Hazard Identification. In
Proceedings of the 33rd International Symposium on Automation and Robotics in
Construction (ISARC). International Association for Automation and Robotics in
Construction (IAARC). DOI: https://doi.org/10.22260/ISARC2016/0115.

35

APPENDIX
A

Workshop documentation
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B

Dynamic floor map for sending out alerts to the workers

The red color symbolizes a danger in the specific zone. The control room operator
can decide how to send out an alert to the workers in that zone (for example
depending on the environmental conditions) and also can change the status to “safe”
again.

First version of the alerting system with control map, beacons and a mobile app for
the workers. The mobile app was later only used as the alert transmitter.
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C

littleBits prototyping kit

littleBits modules with power (blue), input (pink), connections (orange) and ouput
(green)

littleBits sample construct (source: littleBits instruction manual)
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D

Impressions from the textile exploration workshop
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E

Sketches during the design process leading to a textile patch
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F

Drafted scenarios for using a wearable alert system
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