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Abstract

Traffic is a complex environment in which many actors take part; several new 
technologies bring promises of reducing this complexity. However, cyclists—a 
particularly vulnerable road user group—have so far been somewhat put aside 
in these new developments, among them being Cooperative Intelligent Traffic 
Systems (C-ITS) and their aspects of human–computer interaction.

This master’s thesis of industrial design engineering presents five multi-
modal collision warning signals for cyclists—future ones in these supposed 
C-ITS—using a novel application of bone conduction headphones (BCH) via 
sensations of both sound and touch. The thesis project was conducted as a 
complementary subset of the larger research project ‘V2Cyclist’ orchestrated 
by RISE Interactive. V2Cyclist set out to adapt the wireless V2X-protocol for 
cyclists by developing a physical prototype in the form of a bicycle helmet and 
corresponding human–computer interface.

A significant part of the theoretical framework for this thesis was multiple 
resource theory: tasks in a different modality can be performed more effectiv-
ely than in one already taxed attentively. Literature on human factors was also 
applied, particularly with regards to the perception of sound; evidence suggests 
that humans evolved a perceptual bias for threatening and ‘looming’ sounds 
that appear to encroach our peripersonal space; ethological findings point to-
ward the association with low-frequency sounds to largeness. Sound design 
techniques usually applied to more artistic ends, such as synthesis and mixing, 
were repurposed for the novel, audiotactile context of this thesis.

The thesis process was rooted in design thinking and consisted of four 
stages: context immersion, ideation, concept development, and lastly eval-
uation; converging and diverging the novel design space of using BCH in  
an audiotactile, i.e. bimodal way. The divergent approach generated a wide 
range of ideas. The later convergent approach did not result in one, definite 
design as further evaluation is required but also due to unknowns in terms of 
future hardware and network constraints. Given the plurality and diversity of 
cyclists, it may well follow that there is no optimal collision warning design in 
the singular. Hence, a range of five different solutions is presented.

Each of the five multimodal collision warnings presents a different ap- 
proach to conveying a sense of danger and urgency. Some warning signals are 
static in type, while others are more dynamic. Given the presumed rarity of 
collision warnings, multiple design techniques and rationales were applied 
separately, as well as in combination, to create different warning stimuli that 
signaled high urgency in an intuitive way. Namely, the use of: conventions 
in design and culture; explicitness in the form of speech; visceral appeal via 
threatening and animalistic timbres; dynamic and procedurally generated 
feedback; multimodal salience; crossmodal evocation of ‘roughness;’ size- 
sound symbolism to imply largeness; and innately activating characteristics of 
looming sounds. 
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Sammanfattning

Trafiken är en komplex miljö med många deltagare; diverse ny teknik gör an-
språk på att underlätta denna komplexitet. Men, cyklister—en särskilt utsatt  
grupp av trafikanter—har hittills hamnat i skymundan för sådana utvecklingar. 
Vidare, aspekten av användbara gränssnitt för cyklister inom sådana uppkopp-
lade och samverkande trafiksystem (C-ITS) har utforskats desto mindre.

Det här examensarbetet inom Teknisk design presenterar fem multi-
modala kollisionsvarningar avsedda för cyklister—framtida sådana i dessa 
C-ITS—genom en ny och bimodal användning av benledande hörlurar via  
både ljud och vibrationer. Examensarbetet genomfördes i koppling till forsk-
ningsprojektet V2Cyclist, orkestrerat av RISE Interactive, vars projektmål var 
att anpassa det trådlösa kommunikationsprotokollet V2X för cyklister via en 
fysisk prototyp i form av en cykelhjälm och parallellt utveckla ett tillhörande 
användargränssnitt.

En viktig del av det teoretiska ramverket för det här examensarbetet 
grundar sig på multiple resource theory: uppgifter kan utföras mer effektivt 
i en annan modalitet än i en som redan är belastad med uppmärksamhet. 
Mänskliga faktorer och teori om vår uppfattning användes; bevis pekar på att 
människor har evolutionärt utvecklat en bias för hotande ljud som upplevs in-
kräkta på vårt närmsta personliga revir; etologiska rön visar på en koppling 
mellan lågfrekventa ljud och ‘storhet.’ Tekniker inom ljuddesign vanligtvis 
använda till mer artistiska ändamål, såsom syntes och mixning, användes här  
till godo för att utforska den nya och bimodala designrymden.

Processen för arbetet grundade sig i design thinking och bestod av fyra  
faser: kontextfördjupning, idégenerering, konceptutveckling, och utvärdering. 
En ny och tidigare outforskad designrymd beståendes av en bimodal, ljud-
taktil användning av benledande hörlurar divergerades och konvergerades. Ett 
initialt utforskande angreppssätt gav upphov till en bred mängd av idéer. Ett 
senare renodlande angreppssätt gick, dock, inte hela vägen till endast en opti- 
mal lösning, då vidare utvärdering krävs men också på grund av okända 
teknologiska begränsningar. Dessutom, givet cyklisters stora mångfald, kan 
det möjligtvis följa att det inte finns någon enskild design av den optimala 
kollisionsvarningen. Ett spann på fem olika lösningar presenteras därmed.

Fem koncept för multimodala kollisionsvarningar presenteras där varje 
variant uttrycker fara och kritiskhet på olika sätt. Vissa är statiska i typ, 
medan andra verkar mer kontinuerligt och dynamiskt. Det antogs att kolli-
sionsvarningar sker sällan. Olika designtekniker och motiveringar har an-
vänts, ibland i kombination med varandra, för att skapa kollisionsvarningar 
vars avsikter omedelbart förstås: normer inom design och kultur gällande  
ljud; uttalad kommunikation i form av tal; anspråk på människors biologiska 
intuition via hotfulla och djurliknande klangfärger; dynamisk och proced-
urellt genererad feedback; multimodal effektfullhet; korsmodal känsla av 
grova texturer; size-sound symbolism för att antyda ‘storhet;’ samt de naturligt 
aktiverande egenskaperna hos looming sounds.
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1Designing multimodal warning signals for cyclists of the future

The benefits of bicycling are 
many; not just for the individual 
but for society as a whole. But 
many are also the dangers and 

hazards related to the current environment 
of cyclists. At the beginning of this century, 
and in times defined by the assembly line, 
the foundation of our current transport in-
frastructure was primarily designed with 
cars and motorized vehicles in mind. For 
vulnerable road users (VRUs), such as 
pedestrians and cyclists, this car-centric 
design thinking of yesterday has shown 
itself to be quite a source for conflict situ-
ations and—depending on how you look at 
it—the root of many VRU accidents.

The role of technology becomes 
increasingly relevant as society progress 
from the assembly lines of the early 
20th century to the connected futures of 
tomorrow. Smart cities, predictive algo-

rithms, deep learning, and not to mention 
artificial intelligence in general—the facets 
of our connected future are as many as 
uncertain. Indeed, one could prophesize 
and say we might find ourselves on the 
same kind of techno-evolutionary step as 
humanity once stood on just as when the 
technological leaps of the industrial re-
volution brought us to where we are today. 

In the midst of all these vague pre-
conceptions of our future, we still have 
the present. And specifically, the current 
research on traffic safety through the tools 
of automation; furthermore, more broadly 
speaking, the idea of an interconnected 
network of modern devices. But much 
like the design focus of our transport 
infrastructures, the research on the new 
generation of traffic systems have so far 
been centered around motorized vehicles, 
and not equally as much around VRUs.

Introduction
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But such a scientific contribution is 
this one—or aims to be, rather. Particularly 
with regards to the human–computer inter-
action aspect of these Cooperative Intelligent 
Traffic Systems (C-ITS) of the future, and 
not the technicalities of their underlying 
infrastructure. This thesis aims to explore 
multimodal interaction as a means to im-
prove cyclists’ traffic safety through new 
applications of existing technology. The 
project is carried out as a master’s thesis 
in Industrial Design Engineering at Luleå 
University of Technology and amounts to 
30 Swedish university credits. The gene- 
rative design work was conducted in the 
spring of 2018. The documentative work, 
such as this report and its design, was 
however finished later in 2019. 

1.1 Background

Cyclists comprise almost half of the total 
amount of severely injured in Swedish traf-
fic (The Swedish Transport Administration, 
2017a). Similarly, vulnerable road users 
make up a substantial amount of all fatal 
traffic accidents in the EU (Candappa et al., 
2013). Niska and Eriksson (2013) found that 
cyclists are the group of road users with the 

highest rate of severe injuries in Sweden, 
and 69% of fatal cyclist accidents involve a 
collision with a motorized vehicle, often a 
car (Figure 1). Single accidents are the most 
common type for Swedish cyclists; one in 
ten single accidents self-reportedly occur 
due to previous interaction with another 
road user, mostly cars (Niska et al., 2013). 
Evidently, there is a need for improved traf-
fic safety; any number of fatal accidents 
above zero is one accident too many (The 
Swedish Transport Administration, n.d.).

Vehicle-to-Everything (V2X) is a stan-
dardized communication protocol be-
tween vehicles and infrastructure. V2X 
broadcasts as an extension of the Wi-Fi 
standard (IEEE 802.11p) and establishes 
a temporary wireless network when two 
V2X-transponders come within the vicinity 
of one another. This information-sharing 
technology focuses on traffic safety and 
has applications in collision avoidance sys- 
tems among others; all increasingly rele-
vant as autonomous cars start to become 
reality. Mäkela et. al (2015) found that the 
visual demand, or cognitive load, is higher 
for cyclists than what it is for car drivers. 
Relieving this notion of cognitive demand 
for cyclists may prove to be an interesting 
avenue for innovation.

Fatal cyclist accidents

Figure 1: Cyclists are the road user group with the 
highest rate of severe injuries in Sweden, where 
69% of fatal cyclist accidents involved a collision 
with a vehicle (Niska & Eriksson, 2013). 

BICYCLE–VEHICLE COLLISIONS

69%
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1.2 Stakeholders

This master’s thesis is carried out in 
conjunction with the research project 
V2Cyclist orchestrated by RISE Interactive, 
in which RISE Acreo, POC Sports, Volvo 
Cars, Scania, and Svensk Cykling also 
take part to different extents. V2Cyclist is 
a research project about vehicle-to-cyclist 
communication, such as via WiFi and V2X, 
and spans development stages of both 
interaction and hardware design. The aim 
of the V2Cyclist project is to adapt and 
implement the V2X-protocol for cyclists in 
the form of a helmet prototype capable of 
communicating cautionary alerts.

The primary stakeholders of this 
thesis project are the cyclists themselves, 
casual as well as passionate, as it deals 
with their safety and well-being. The 
project employer RISE Interactive Piteå 
is another main stakeholder, represented 
by Johan Fagerlönn as a supervisor. RISE 
Interactive’s interest lies in being supplied 
with complementary ideas and insights to 
the human–computer interaction design 
process of their own in V2Cyclist, which 
is taking place alongside this thesis work. 
Luleå University of Technology is another 
main stakeholder and is represented by 
Jörgen Normark as a supervisor and Åsa 
Wikberg-Nilsson as the examiner. 

Indirect stakeholders include other 
researchers and developers where insights 
about collision warning design and the 
novel, audiotactile use of bone conduction 
headphones may be of interest, and not  
necessarily only pertaining to the context  
of traffic and cyclists. Furthermore, this 
thesis will be of use to those interested 
in the interplay between general, design 
thinking-oriented development processes 
common to industrial design and the more 
elusive craft of sound design. 

1.3 Objectives & aim

The objective of this master’s thesis is to 
design and deliver concepts for a human–
computer interface, aiming to improve 
the situational awareness of cyclists and 
by extension their safety. The primary aim 
of this project is to supply the interaction 
designers of RISE Interactive Piteå with 
complementary points of view with regards 
to their V2Cyclist project. A secondary 
aim is to add knowledge to the currently 
quite unexplored scientific body of work 
concerning multimodal interaction design 
for cyclists, and specifically with regards 
to collision warnings and the bimodal use 
of bone conduction headphones. Project 
deliverables will consist of audio files and 
their accompanying design rationale as 
documented in this thesis. 

1.4 Research questions

The following research questions 
constrained and focused the thesis work:

I. How might a multimodal 
solution improve the situational 
awareness of cyclists and their 
sense of safety?

II. Can danger be conveyed 
intuitively in a human–computer 
interface for cyclists?

1.5 Project scope

This thesis will focus on the human–
computer interaction (HCI) aspect of the 
larger research project V2Cyclist by RISE 
Interactive and partners. The HCI aspect will 
explore how the wireless exchange of data 
between road users can intuitively convey 

Fatal cyclist accidents

Figure 1: Cyclists are the road user group with the 
highest rate of severe injuries in Sweden, where 
69% of fatal cyclist accidents involved a collision 
with a vehicle (Niska & Eriksson, 2013). 

BICYCLE–VEHICLE COLLISIONS

69%



4 Chapter 1—Introduction

the notion of danger via a user interface. 
While it is important to understand the 
limitations of a proposed user interface 
technology in order to design feasible HCI 
concepts, the technicalities specifics and 
of implementing the V2X-protocol for 
cyclists will not be the primary focus of  
this thesis project. Figure 2 illustrates the 
thesis process in schematic relation to 
V2Cyclist. 

Neither this thesis project nor the 
more encompassing V2Cyclist research 
project will result in a commercialized pro-
duct. Rather, prototypes of varying func-
tionality—some conceptual, some more 
tangible—along with design insights and 
recommendations for future work will be 
developed. In short, cycling matters are 
complex. Action must be taken on many 
fronts concurrently in order for purposeful 
change to happen, with new technology 
only playing a part. Issues regarding city 
planning and the politics of bicycle in-
frastructure will not be considered in the 
scope of this master’s thesis of industrial 
design engineering. 

1.6 Thesis outline

Chapter 1—Introduction. Presents the what, 
where, when, and why of this thesis.

Chapter 2—Context. Presents relevant cyclist 
demographics, accident analysis, critical use 
cases, and previous work.

Chapter 3—Theory. Presents central concepts 
within industrial design engineering and hu-
man factors, including fundamental theory 
and creative practices of sound design.

Chapter 4—Method. Describes the how of 
this thesis and why certain methods and 
processes were used.

Chapter 5—Results. Presents the outcome 
of each activity in chronological order. Five 
concepts for multimodal collision warning 
signals are presented. 

Chapter 6—Discussion. Positions the project 
results to the theoretical framework and 
discusses their relevance and contributions. 
Future work is recommended. 

Chapter 7—Conclusion. A final say on the 
objectives, aims, and underpinning research 
questions of this thesis.

Project ending
in Jan, 2019

V2Cyclist
User interface + helmet.

Define 
use cases

User-interface

Hardware

Physical
prototype

Testing and
evaluation

Literature review

Ideation

Project ending
in June, 2018

Thesis work
Process stages.

Context
immersion

Concept
development Evaluation

Figure 2: Thesis process in relation to the larger research project ‘V2Cyclist.’Figure 2: Thesis process in relation to the larger research project V2Cyclist.
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Chapter two introduces the reader to cyclists and their context through a demographic, so-
ciological, and behavioral lens. Literature on accident analysis regarding bicycle–car colli-
sions is presented, as are also three relevant and critical use cases. Lastly, an excerpt of 
previous research with regards to C-ITS and cyclists is presented.

2.1 Cyclist 
demographics

Despite that cyclists are the group of road 
users with the highest rate of severe in-
juries in Sweden (Niska & Eriksson, 2013), 
cycling appears to be on the rise culturally. 
Whether it is due to: the electric bicycle 
being ‘officially’ appointed the Swedish 
Christmas present of the year 2017 (HUI 
Research, 2017); a welcomed dose of 
healthy exercise in one’s stale nine-to-five 
workday; ideological alignment with an 
eco-conscious mindset; or simply for the 

sake of being practical and convenient for 
one’s commute. Cycling as an activity has 
many facets of which to affect one’s life—
purely functional as well as fulfilling. 

Slim road bikes, leisurely city bikes, 
sturdy load bikes, and assisting electric 
bikes—there are just as many diverse 
types of bikes as there are types of cyclists  
(Figure 3). Actually, there are likely even 
more kinds of cyclists; researchers agree 
that cyclists are a heterogeneous road user 
group—contrary to the public image of the 
cyclist (Bergström & Magnusson, 2003; 
Gatersleben & Haddad, 2009; Lindelöw, 
2009; Wennberg, Nilsson, & Stigell, 2014).

Project ending
in Jan, 2019

V2Cyclist
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Figure 2: Thesis process in relation to the larger research project ‘V2Cyclist.’
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Every third Swede bicycles every week 
according to a survey of 1098 people, where 
percentages were higher in the larger cities 
(Svensk Cykling, 2016). Sold out studded 
winter bicycle tires point toward that bi-
cycling is becoming an all-year-round ac-
tivity for some Swedes (Svensk Cykling, 
2017). More and more companies offer bi-
cycles for commuting as an employee ben- 
efit. Bicycles are not only a means to get to 
work, but they can also be a part of work; 
companies such as MOVEBYBiKE (n.d.) 
utilize electrically assisted load bicycles 
to help people move and to deliver goods. 
However, if current bicycle politics and 
trends remain the same until 2040, the 
share of cyclists in Sweden is not expected 
to increase in proportion to other road users 
(Persson et al., 2014).

The Swedish Transport Administration 
(2017b) reports that slightly more than 
one-third of Swedish cyclists, 36 percent, 
are helmet users (Figure 4). There are 
however big differences between ages. 
Children aged under 10 years old had 
a helmet usage of 81% whereas adults 
commuting to work only had a helmet  
usage of 31%. Just as with biking on a reg-
ular basis, helmet usage was reported to 
be higher in larger cities. The average 
helmet usage among cyclists in Sweden 
has increased over the past ten years, but 

the current trajectory is not predicted 
to meet the national goal of 70% set for 
the year 2020 (The Swedish Transport 
Administration, 2017b).

2.1.1 Electric bicycles

A recent and interesting development has 
been the exponential growth of sales in 
electrically assisted bikes in Sweden, where 
the amount doubled from 2016–2017 and 
then increased by 50% again from 2017–
2018 (Svensk Cykling, 2016, 2018). Electric 
bikes comprised 19% of the total Swedish 
market in 2018, a market share in line 
with the rest of Europe (Svensk Cykling, 
2018). About a third of Swedes are positive 
to buying an electric bike, according to a 
Kantor Sifo survey (Svensk Cykling, 2016). 
Considering the recent subsidy for elec-
tric bikes by the Swedish government (The 
Government Offices of Sweden, 2017) this 
purchase attitude may have increased as 
of the year 2018, hinted towards by the 
increase in sales mentioned earlier. 

A Swedish survey from 2016 reported 
that electric bikes are more popular among 
older citizens compared to the whole pop-
ulation—11% of older people between ages 
60–64 own an electric bicycle, which was 
almost twice the amount of the national 

Figure 3: There are many types of bicycles, just as there are many types of cyclists.
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average of 6%. Arguably a welcome trend 
seeing how seniors, among others, benefit 
from regular exercise that of which having 
an electrically assisted bicycle encourages. 
With electric assistance also comes a ten-
dency for higher speeds (Eriksson et al., 
2017) but there is currently no evidence to 
support the notion that electrically assisted 
bicycles are subjected to significantly higher 
risks in traffic.

2.2 Cyclists’ behavior

Multitasking when biking is not uncommon 
and ranges from passive activities, such as 
listening to music or podcasts, to active ones, 
such as talking on the phone and texting. 
Adell, Nilsson, and Kircher (2014) found 
that close to one in five Swedish cyclists 
(19%) use mobile IT while biking and 90% 
of said group of cyclists have earphones 
or hands-free in their ears (Figure 5). The 
same researchers found that mobile IT 
usage when bicycling varies with age, like 
helmet usage, where the higher usage was 
observed for people aged below 30 and 
particularly teenagers. Listening to music 
was overall the most common activity when 
using mobile IT while bicycling (Adell et al., 
2014). The study by Adell et al. (2014) also 
noted a relationship between helmet use 

and seldom use of mobile IT, indicating a 
safety awareness of those that use helmets 
when bicycling.

Kircher et al. (2017) found that cyclists 
deploy certain strategies to deal with the 
increased cognitive load which comes with 
answering a text message in traffic; com- 
pletely stopping to answer the text, lower-
ing one’s speed, and looking around one’s 
surroundings more carefully, for instance. 
The 41 participants in the field study of 
Kircher et al. (2017) almost never failed to 
direct their attention where the situation 
required it to be. This finding echoes the 
same kind of situationally-aware behavior 
found in car drivers, deploying similar—
albeit still potentially dangerous—strate-
gies when faced with increased cognitive 
load (Engström, Johansson, & Östlund, 
2005; Young & Lenné, 2010). However, as 
Kircher et al. (2017) point out, the findings 
derived from car driver studies are not 
directly applicable to cyclists, as bicycling 
is an even more visually demanding, cog-
nitively taxing task than driving (Mäkela et 
al., 2015).

The naturalistic study of Kircher et 
al. (2017) also examined the effect that 
infrastructure has on cyclists. In the con-
ducted scenario, a three kilometers long 
route, 40% of the cyclists chose to bicycle 
on the pavement. Through post-interviews 

36%

Helmet usage

SWEDISH
NATIONAL
AVERAGE

(The Swedish Transport Administration, 2017b)

Figure 4: Every third cyclist uses a helmet in Sweden.

19%

Multitasking while bicycling

Figure 5: Mobile IT usage among cyclists (Adell et al., 2014).

USE MOBILE IT

an estimated 90% of 
this group of IT cyclists 
have headphones or 
hands-free in their ears 
when bicycling.

Figure 3: There are many types of bicycles, just as there are many types of cyclists.
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and Think-Aloud protocol, it was found 
that whenever a cyclist chose to bike on 
the pavement where no otherwise, specific 
traffic rules were given, it was most likely 
due to feeling unsafe on the main road 
among motorized vehicles. It is the per-
ception of many cyclists, particularly no-
vice ones, that cars ‘have more rights’ than 
them, as was the case in Kircher et al.’s 
(2017) study. Which is, in most cases, not 
true.

2.2.1 Tense relationship 
between cyclists and other 
road users

To put it lightly—there exists a perceived 
tension between motorists and cyclists 
(Kaplan & Prato, 2016). Prati, Puchades, 
and Pietrantoni (2017) explored this tense 
relationship between cyclists and other 
road users through the lens of sociology, 
posing the question if cyclists could be 
viewed as a minority and concluded that 

“Although cyclists differ from other minorities 
in important respects, they manifest many of 
the characteristics by which minority groups 
are defined” (p. 34). The animosity between 
these two types of road users is likely to 
affect the acceptability of future, protective 
traffic systems; De Angelis et al. (2017) 
found that surveyed Italian drivers who ex-
pressed negative attitudes towards cyclists 
were less likely to want to use an ADAS 
system aiming to improve cyclist safety.

Dedicated bicycle blogs, online car 
magazines, and profiled Twitter users 
were initially skimmed through to get a 
contextual surface-dive for this thesis 
project. It appears that both cyclists and 
motorists alike occasionally take potshots  
at each other’s traffic behavior, spiteful 
as well as ironic. This surface-leveled 
observation of such us-against-them narra-
tives used by both parties further goes to 

show how much of a complex issue traffic 
safety and infrastructure planning can be, 
with many actors taking part.

This tense relationship did not come 
about arbitrarily. For one, the foundation 
of today’s infrastructure was built centered 
around cars where paths for VRUs were 
stuck onto later, creating many nodes for 
potential friction between road users. This 
requires a more collaborative effort from 
cyclists, as the design of the traffic system 
does not necessarily facilitate their traffic 
interactions to the same extent as for 
motorists (Kircher et al., 2017). 

2.2.2 Formal and informal 
rules of traffic

For the purpose of developing traffic 
safety systems, non-compliant traffic be-
havior is an important factor to consider. 
Studies in the United States and Australia 
have respectively shown that there is an 
association between red light infringement 
of cyclists and their collision involvement 
(Retting, Ulmer, Williams, 1999; Johnson 
et al., 2013a). In the Swedish field study by 
Kircher et al. (2017), there were 3 cases out 
of 41 in which a red light was disobeyed. 
However, the red traffic lights were func-
tionally insufficient in all those three cases 
where the lane of motorized traffic was 
given green light while the adjacent cyclist 
lane was not.

Fraboni et al. (2016) examined the 
social influence in relation to risk-taking 
behavior among cyclists approaching a red 
light. Basic social influence theory states 
that people’s behavior in a situation is af-
fected by similar behavior among others 
and the group size. It was found that 63% 
of the observed cyclists violated the red 
light. Further, the more people that were 
already waiting at the intersection, the less 
risk-taking behavior could be observed. 
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Conversely, when there were no cyclists 
waiting at the intersection there was a 
significant increase in risk-taking behavior 
and red light-violations (Fraboni et al., 
2016). In a study of red light behavior in 
Sweden, it was observed that 19% of cy-
clists disobey red lights (Motormännens 
Riksförbund, 2017). 

The interplay between formal and 
informal rules of cyclists in traffic was 

examined by Björklund et al. (2017) using a 
web survey. Motivated by theory of planned 
behavior, the results of the web survey 
showed that the main reason for ignoring 
the traffic rules is a cyclist’s perceived 
notion of control; those in a traffic scenario 
who planned to break the rules also deemed 
it was easy to do. Björklund et al. (2017) 
postulate that there is an underlying factor, 
where non-compliant behavior is heavily 
dependent on previous traffic behavior 
where there were no consequences of ig-
noring the rules. Such behaviors are hard 
to change. One proposal is to make the 
infrastructure more adapted to cyclists, 
making it “easy to do right.”

Björklund et al. (2017) and other 
researchers highlight a need for more 
awareness and knowledge of traffic rules, 
particularly among cyclists in the ages of 

18 to 24 years old. But the same kinds of 
researchers also highlight the importance 
of changing societal attitudes and norms, 
concluding that more knowledge among 
road users will by itself not solve every 
problematic traffic interaction. Prati et al. 
(2018) observed a lack of evidence for the 
notion that skills training and educational 
campaigns would lead to a reduced amount 
of collision accidents. Increased knowledge 
of cycling safety from training programs 
did not seem to translate into actual cycling 
safety according to a systematic review on 
the matter by Richmond et al. (2014).

2.3 Accident analysis

Important factors and crucial situations to 
consider when designing for interactions 
between cyclists and motorists are pre-
sented in this section.

2.3.1 Naturalistic collision 
data

Prati et al. (2018) conclude through meta-
analysis, echoing Götschi et al. (2016), that 
there is limited evidence for determinants 
of traffic collisions, despite the availability 
of basic data on crash risks. Three primary 
sources can be used to gather naturalistic 
collision data: police records, hospital 
admission records, and survey records; each 
source has its merits and disadvantages 
(Klassen et al., 2014). A challenge overall 
is the underreported number of bicycle–
car accidents in official databases, both 
in Sweden (STRADA) as well as in other 
countries (Elvik & Mysen, 1999; Langley 
et. al, 2003; Amoros, Martin, & Laumon, 
2006).

However, neither Klassen et al. (2014) 
nor Prati et al. (2018) mention the novel 
method of using insurance company 

Björklund et al. (2017) 
showed that the main 
reason for ignoring 
the traffic rules is a 
cyclist’s perceived 
notion of control; those 
in a traffic scenario who 
planned to break the 
rules also deemed it 
was easy to do.
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data—an approach that over recent years 
have been used by researchers in Sweden 
investigating bicycle–car collisions (e.g. 
Isaksson-Hellman, 2012; Lindman et al., 
2015; Isaksson-Hellman & Werneke, 2017). 
This method brings many perspectives and 
official reports together in one, enabling 
analysis with higher levels of detail than 
previous collision data studies (Isaksson-
Hellman & Werneke, 2017). Data variables 
include sustained injuries, map and 
geometry data, estimated speeds, sight-
obscuring objects, impact direction, post-
collision kinetics, and so on.

2.3.2 Map of Conflicts

A terminology for various crash scenarios 
between cyclists and motorists, illustrated 
in Figure 6, was developed together by 
Volvo Cars and POC Sports (Weman, 2016). 
Map of Conflicts, as it is called, aims to serve 
and aid future researchers and developers 
with regards to conflict situations involving 
cyclists. Crash configurations are written 
from the driver’s perspective; e.g. SCP(cr) 
describes a scenario in which a car going 
on a straight crossing path collides with a 
cyclist from the right direction.

(SD)(OD)

SCPcl2

Same Direction (SD)12

SCPcr

(OD)(SD)

1

Oncoming (OD)11

Reversing13

RT/OD7

RT/SD9

RT/RD8

RT/LD10

Dooring14

LT/RD4

LT/LD6

LT/OD3LT/SD5

Straight Crossing Path (SCP)1 2

Map of Con icts

Cyclist from the Opposite, Right, 
Same, and Left Direction 

Left Turn (LT)3

Cyclist from the Left, and 
Cyclist from the Right

Oncoming (OD)11

Same Direction (SD)12

Dooring14

Reversing134

5 6

Cyclist from the Opposite, Right, 
Same, and Left Direction 

Right Turn (RT)7 8

9 10
Figure 6: Map of Conflicts developed by Volvo Cars and 
POC Sports (2016). Re-illustration by Anton Nordmark.
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2.3.3 Frequent collision 
scenarios and outcomes

The majority of bicycle–car collisions in 
Lindman et al.’s (2015) naturalistic data 
analysis were SCP, LT(OD), and RT(OD) 

scenarios; situations where the car is 
moving straight forward with the cyclist 
oncoming from either side (SCP) and situ-
ations where the car is turning with the 
cyclist coming from the opposite direction 
(LTOD/RTOD). The accident analysis by 
Isaksson-Hellman and Werneke (2017) used 

882 naturalistic data samples and the most 
frequently occurring collision configuration, 
at 78%, was when the bicycle and the car 
crossed each other’s paths. In half of these 
scenarios had the cyclist been biking along 
a bicycle path before crossing the road. 

Crossing situations were characterized 
by moderate to severe injury outcomes 
(MAIS2) whereas longitudinal crash 
scenarios had more severe to fatal 
outcomes (MAIS3+)[1] in the study by 
Isaksson-Hellman and Werneke (2017). 
The difference in severity is thought to be 
a result of a generally higher car speed in 
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POC Sports (2016). Re-illustration by Anton Nordmark.
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longitudinal scenarios, as one in four were 
above 50 km/h, thus resulting in more 
fatal outcomes. Driving speeds are lower 
for crossing path collision scenarios, with 
studies estimating heavy goods vehicles’ 
speed to be below 30 km/h and cyclists’ 
speed to be below 20 km/h (Seiniger, Gail, 
& Schreck, 2015). 

Isaksson-Hellman and Werneke (2017) 
sorted their insurance data into five main 
crash categories, comprising 32 different 
crash scenarios. No risks were calculated 
as data on the differences in exposure 
to the various traffic scenarios were not 
available. Studies have shown that exposure 
is a result of one’s travel behavior and is 
related to an increased risk of bicycle–car 
collision (Martínez-Ruiz et al., 2014; Wei 
& Lovegrove, 2013; Wessels, 1996). Simply  
put, the time spent being in traffic is time 
spent being in a context with intrinsic 
risks and this must be considered when 
calculating the probability of a certain crash 
scenario.

Dooring accidents, in which a cyclist 
collides with a suddenly opened car 
door, comprise approximately 5% of the 
total bicycle–car crash categories in both 
the studies of Lindman et al. (2015) and 
Isaksson-Hellman and Werneke (2017). Yet, 
dooring accidents have a relatively large 
portion of the moderate to severe injuries 
reported; one in four dooring accidents in 
the study by Isaksson-Hellman & Werneke 
(2017) resulted in a moderate to severe 
injury (MAIS2) and most often to the upper 
extremity. Dooring accidents accounted  
for the highest rate of severe (MAIS2+) 
injuries in Lindman et al.’s study (2015). 
Previous literature has identified these 
types of jarring dooring accidents as a 
common and critical situation to address 
(Vandenbulcke et al., 2009; Johnson et al., 
2013b; Teschke et al., 2014).

2.3.4 Heavy goods vehicles

Kockum et al. (2017) highlight two critical 
scenarios to consider with regards to vul-
nerable road users and heavy goods vehicles 
(HGVs): crossing accidents and turning 
HGVs; these are most common in urban 
areas and result in the most severe injuries 
and fatalities. A right-turning HGV in an 
intersection is a particularly dangerous 
scenario to consider (Kaplan & Prato, 2013; 
Vandenbulcke et al., 2014) and especially 
with a cyclist on their right side (Isaksson-
Hellman & Werneke, 2017). Overtakings 
are also dangerous, either by cyclists on 
the HGV’s nearside (Frings, Rose, & Ridley, 
2012) or HGVs driving alongside the cyclist 
(McCarthy & Gilbert, 1996).

A common crash configuration be-
tween HGVs and cyclists occurs when the 
truck is turning and the cyclist is riding 
straight ahead, either in the same lane or 
on the bicycle path next to it (Kockum et 

al., 2017). A major concern is the finicky 
and decreasing turn radius a heavy and 
long vehicle has to deal with. Heavy goods 
vehicles have more blind spots—and side 
mirrors—compared to passenger cars, and 
cyclists in blind spots of HGVs run higher 
risks of collisions (McCarthy & Gilbert, 
1996). Blind spots, incorrectly adjusted 
mirrors, obscuring objects, and traffic law 

[1] = MAIS stands for Maximum Abbreviated Injury Scale and is a summative method of measuring injuries 
based on body regions and their relative importance (AAAM, 2005). 

Blind spots and not 
being aware of the 
cyclist are among the 
common crash causes 
in accidents between 
HGVs and cyclists.
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wrongdoings of either party are considered 
common crash causes (Adminaite, Allsop, 
& Jost, 2015).

The lateral distance between the 
HGV and the cyclist is a crucial variable in 
longitudinal crash configurations, Same 
Direction and Oncoming per MOC, as it 
affects both road user’s ability to detect 
one another. Lateral distance affects detec-
tability, the time-to-react, and the risk of 
being in one’s blind spot (Kockum et al. 
2017). A short lateral distance will increase 
the risk of collision and being squeezed 
into, but its more precise effect as a crash 
parameter requires further investigation 
(Lindman et al., 2015).

From the naturalistic insurance data 
with passenger cars it can be observed 
that the most frequently occurring crash 
configuration between SCP(cr) and SCP(cl) 

scenarios is when the cyclist is crossing 
from the same side of traffic the driver is 
on (Lindman et. al, 2015; Isaksson-Hellman 
& Werneke, 2017). This direction bias is 
also evident for HGVs and partly explained 
by the narrowed reaction time frame due 
to reduced detectability and that drivers 
naturally have less attention paid to that  
side of the road (Kockum et al., 2017). 
Crossing path scenarios are the most 
common types of accidents between HGVs 
and VRUs.

2.3.5 Environmental factors 
and visibility

Obscuring objects is a common factor in 
bicycle–car collisions, as they increase the 
risk of collision by limiting the sight angle 
for the driver and cyclist respectively, and 
consequently the reaction time frame 
(Sayed, Zaki, & Autley, 2013). Drivers had 
a sight obstruction in one of five collisions 
where the car was moving forward in 
Lindman et al.’s (2015) study; the time-to-
collision was less than 1 second in 62% of 
these cases, according to the researchers’ 
rough speed estimates. In a naturalistic data 
study of bicycle–car accidents by Isaksson-
Hellman and Werneke (2017), half of the 
drivers in crossing path accidents stated 
that they did not see the cyclist before the 
crash (Figure 7). Per the same study, the 
cyclist had been traveling on a bicycle path 
before the collision event in almost 70% of 
all crossing path scenarios.

Most bicycle–car accidents occur 
during daylight and dry road conditions, 
counter to what one might expect (Prati et 
al., 2018). The logic behind this statistic is 
that there are more road users in motion 
during the daytime, thus increasing the 
chance of a collision (Kockum et. al, 2017). 
However, while vulnerable road users may 

Obscured awareness

Half of drivers did self-reportedly 
not see the cyclist per reports of 
crossing path bicycle–car collisions 
(Isaksson-Hellman & Werneke, 2017)

The cyclist had been traveling on a 
bicycle path just prior to the collision 
in 70% of such cases

OF DRIVERS DID NOT 
NOTICE THE CYCLIST

•

• 50%
Figure 7: Obscuring geometry increase 
risk of bicycle–car collisions.
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be more cautious of their actions in bad 
conditions, such as darkness or rain, it is 
no safe environment: insufficient street 
lighting increases the risk of collision 
(Hoque, 1990); low visibility because of 
darkness nearby intersections affect the 
proportion of accidents and injury severity 
(Kim et al., 2007; Bíl et al., 2010; Isaksson-
Hellman, 2012); and cyclists overestimate 
at what distance they are visible to a driver 
(Wood et al., 2009).

2.3.6 Intersections and 
crossing paths

Crossing path collisions occur most 
frequently in or nearby intersections 
(Isaksson-Hellman & Werneke, 2017) 
and collision risks increase in such en-
vironments (Stone & Broughton, 2003; 
Isaksson-Hellman, 2012; Wei & Lovegrove, 
2013; Chen et al., 2012; Kaplan & Prato, 
2015). A separation of bicyclists and mot-
orists via separate lanes has been proposed 
and carried out as a solution; Kaplan and 
Prato (2015) found that such infrastructure 
design in Copenhagen led to a smaller 
risk of bicycle–car collisions and Schepers 
et al. (2017) concluded likewise for the 
infrastructure of Amsterdam. 

But, interestingly, the separation 
of bicyclists and motorists has not only 
got positive sides to it. Prati et al. (2018, 
p. 194) bring up in their literature review 
that “... there is evidence that separated cycle 
paths, while being safer in general, might 
increase the risk of collisions at intersections.” 
Researchers have found an increased risk 
of collision nearby discontinuity points, 
i.e. paths between separated bicycle lanes 
and roundabouts or intersections (Kaplan 
& Prato, 2013) as well as nearby parking 
facilities (Vandenbulcke et. al, 2014). 

Elvik et al. (2009) give a possible 
explanation as to why this may be. 

When cyclists are segregated from cars 
in traffic, both parties get used to not 
encountering each other. Thus, altering 
their environmental awareness which in 
turn causes them to not expect each other 
at intersections. Closely related to Elvik 
et al.’s (2009) line of thinking, or perhaps 
where it stemmed from, is the safety in 
numbers hypothesis. Notably, one publi-
cation where Jacobsen (2003) argues that 
by raising awareness of cyclists through 
an increase in their relative numbers to 
motorized vehicles, a positive feedback 
loop occurs where drivers will more safely 
adapt—behaviorally—in the presence of 
cyclists. 

Nevertheless, the important takeaway 
from section 2.3 is the crucial role of 

attention allocation, road user visibility,  
and environmental awareness when it  
comes to reducing collisions between cy-
clists and motorists. Several researchers 
have raised a point of developing new 
technology and devices to reduce such 
accidents, such as intelligent warning 
systems (Werneke & Vollrath, 2013; Prati 
et al., 2018; Kockum et al., 2017). But 
as mentioned at the beginning of this 
chapter—cycling matters are complex, 
and improvement of safety requires 
work on multiple fronts simultaneously: 
infrastructural, cultural, as well as 
technological (Persson et al., 2014).

Attention allocation, 
awareness of the 
environment, and 
road user visibility are 
each crucial factors 
in bicycle–vehicle 
collisions.
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2.4 Critical use cases

Three naturalistic collision scenarios were 
chosen to be considered in particular going 
forward into the generative design stages 
of the thesis work. These critical use cases 
are common in urban areas and often result 
in moderate to severe injuries (see section 
2.3). The terminology from Map of Conflicts 
(Weman, 2016) was used as denotation.

 » Case 1: SCP(cr/cl). A crossing path 
scenario where both road users are 
traveling straight forward. Isaksson-
Hellman and Werneke (2017) observed 
a bias towards SCP scenarios where 
the cyclist was riding on the same 
side of the road as the vehicle, likely 
due to the reduced visibility and time-
to-react for such shorter lateral dis-
tances; something also highlighted for 
HGVs by Kockum et al. (2017).

 » Case 2: LT/SD + RT/SD. Scholliers 
et al. (2014) identify the accident 
scenario of vehicles turning into 
cyclists at intersections as the most 
common one, supported by its fre-
quent occurrence in the naturalistic 

data studies by Lindman et al. (2015) 
as well as Isaksson-Hellman and 
Werneke (2017). Especially relevant 
for situations where turning heavy 
goods vehicles are involved, as blind 
spots are a dangerous factor (Kockum 
et al., 2017).

 » Case 3: Dooring. While occurring 
relatively seldom compared to the 
other critical use cases, the injury 
outcomes from dooring accidents 
are often of the more severe kind 
(Lindman et al., 2015).

The illustrations of the critical use cases in 
Figure 8 are only to be taken as figurative, 
and not as precise depictions of reality in 
terms of exact road geometry and scale.

2.5 Relevant work

The feasibility of implementing the V2X-
protocol to communicate between road 
users wirelessly has previously been re-
searched with most of the focus being on 
developing collision avoidance systems 
for cars (Xu, Mak, Ko, & Sengupta, 2004; 

Critical use cases Figure 8: Three critical bicycle–vehicle collision 
scenarios based on naturalistic accident data.

SCPcr1
Straight Crossing Path, 
Cyclist from the Right

Dooring3
Car door swings open 
in front of cyclist

RT/OD 2
Right Turn, Cyclist from 
the Opposite Direction

RT/SD2
Right Turn, Cyclist from 
the Same Direction
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Biswas, Tatchikou, & Dion, 2006). Only 
up until recently became vulnerable road 
users—or cyclists to be specific—the center 
of attention for some research projects 
regarding connected safety technology.

An Android mobile application for 
cyclists was developed in the BikeCOM 
project by Gustafsson et al. (2013). The 
car and the cyclist were connected via the 
internet through a 3G mobile network and 
communicated GPS-data to each other for 
calculating a possible collision course. An 
acoustic warning was deployed to alert the 
cyclist. Limitations in the performance of 
this project were slow connection speeds, 
low resolution in the GPS-data, and slow 
signal processing by the mobile phone.

Volvo Cars, Ericsson and POC Sports 
(Volvo Car Group, 2014) developed a traffic 
safety concept for cyclists using Blue-
tooth and cloud-based mobile network 
communication. LED lights were mounted 
in the front of the helmet to warn cyclists 
using ambient red light to signal potential 
collisions. A limitation this concept faced 
was long connection times to the server 
over mobile networks, similar to Gustafsson 
et al. (2013). Smart Active Helmets by 
POC Sports and RISE Acreo was in part a 
predecessor to V2Cyclist, in which a low-
frequency radar was integrated into a bi-
cycle helmet as means to detect and warn 
cyclists of vehicles moving faster than them 
in the same lane-direction (Weman, 2016).

Ruß, Krause, and Schönrock (2016) 
present an ongoing implementation of the 
V2X-protocol with regards to cyclists in 
Germany. They underline the importance 
of equipment rate among road users for 
intelligent traffic systems such as these. 
Therefore, a smartphone was chosen as 
the human–computer interface mediator. 
A mobile app, mounted on the bicycle 
handlebar, gave visual warning cues to the 
cyclist about potential collision situations 
at upcoming intersections. However, a 

survey by the same researchers revealed 
that vibrations through a wristband or the 
handlebar would be more preferred by 
users, hypothetically, and that the visual 
mobile app was one of the less preferred 
options.

A prototype named MAIN-ST proposes 
a multimodal design approach for cyclists 
using the V2X communication protocol 
(Jenkins, Duggan, & Negri, 2017). This 
currently ongoing research project funded 
by the US Department of Transportation 
intentionally left visual alerts out and 
instead focuses on a haptic and auditory 
vocabulary to alert hazards. An interesting 
use of crowdsourcing is proposed in what 
is called the ‘Hazard Assessment Engine:’ 
cyclists on the road can report current 
road hazards, e.g. potholes, using voice 
commands that consequently updates the 
database for other road users.

Dardari et al. (2017) developed a 
bicycle–vehicle collision warning system 
using ultrawideband signals (UWB) as an 
alternative to V2X communication; it uses 
chip-tags placed on one’s bicycle along 
with a processing unit placed roadside near 
an intersection. UWB can achieve high lo-
calization accuracy at low costs, due to a 
high temporal resolution and its ability to 
coexist with other wireless technologies 
(Dardari et al., 2009; Soganci et al., 2011). 
The collision avoidance system of Dardari  
et al. (2017) was tested with a buzzing 
signal; cyclists slowed down as soon as 
they heard the acoustic warning from the 
user interface, presumably as a result of 
becoming more aware and cautious of the 
upcoming intersection.
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Design is arguably an interdisciplinary process, and inherently so as it in any context will 
cover multiple academic disciplines in one way or another. Relevant literature in industrial 
design engineering, acoustics, cognition, technology, and even art to some extent is there-
fore presented in chapter three.

3.1 Industrial design 
engineering

Design as both a practice and field of 
research is quite a shapeshifting entity 
and can, as a result, be defined, applied 
and viewed in many ways. For some, it is 
a process of creation in which products 
are made to help humans accomplish  
their individual or collective purposes 
(Buchanan, 2001). For others, it is—some-
what philosophically—the action of making 
sense of chaos (Kolko, 2006). Or more 
eloquently, design is an attitude of think-

ing in relationships (Moholy-Nagy, 1938). 
Additionally, design is viewed differently 
between the practitioners of it and the 
experiencers of it; designers view design 
as a comprehensive process behind the 
product, whereas design as a concept to 
users is more likely to translate to its form 
and appearance: “Oh, this looks nice—I like 
the design of it.”

Regardless of its formal and informal 
definitions, practitioners and researchers 
alike have identified the current trajectory 
of design: going from concerning the ex-
ternal appearances of products to shaping 
the internal, human experiences of them 

Theory
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(Buchanan, 2001; Redström, 2006; Norman, 
2009). The modernist mantra form follows 
function, representative of the impactful 
Bauhaus-movement in the 1920s, seems 
to have been less featured in recent disci-
plines of design, such as those involving 
technology and human interaction, in fa-
vor of a new mindset that is more shifted 
towards communication and experiences 
(Redström, 2006; Bødker, 2015).

Industrial design engineering is a result 
of combining the aesthetic and ergonomic 
practice of industrial design (Ulrich & 
Eppinger, 2016) and the technical know-
how of traditional mechanical engineering 

(Smets & Overbeeke, 1994). An industrial 
design engineer is someone who combines 
technical strength with creative problem-
solving abilities, along with a user-centered 
methodology (de Vere, Melles, & Kapoor, 
2010). Imperative to industrial design 
engineers and their ‘designerly ways of 
thinking’ (Cross, 1999) is the weight that 
is placed on human factors and cognitive 
aspects. As the human–machine interface 
designers at the Three Mile Island power 
plant accident had to learn the hard way: 
designers of today need not ignore the 
limitations of humans—but rather accept 
them (Norman, 2013).

Design practice can, from the outside 
looking in, appear to be an arbitrary and 
mysterious exercise without any external 
traces of logical thought (Kolko, 2006). But 
there are indeed specific processes to it. 
The most prevalent form of design thinking 
in product development is the concept of 
iteratively diverging and converging the 
design space—reframing the context in 
which the problem at hand is rooted in and 
consequently its possible solutions. This 
way of design thinking can be illustrated 
by the well-established Double Diamond 
diagram (e.g. British Design Council, 2007; 
Buxton, 2007). Similar design processes 
which consist of iteratively diverging and 
converging stages can be found in a myriad 
of other design frameworks, such as by 
IDEO.org (2015) and Ulrich and Eppinger 
(2016).

3.1.1 Usability

What makes a product useful or usable? 
Put simply—it must work (Buchanan, 
2001). Or as Jordan (1998) puts it, slightly 
paraphrased: promising attributes in a 
product are only as good as the users’ ability 
to handle them. Indeed, a product just 

‘working’ is not only accomplishing users’ 
primary goals, but must also be enjoyable, 
effective, and easy to learn while doing so 
(Rogers, Sharp, & Preece, 2015). 

Effectiveness, efficiency, and satis-
faction are three metrics central to usability, 
in a given context of use (ISO 9241-11:2018). 
This recent revision extends its scope to 
systems and services, and not just products 
(Bevan, Carter, & Harker, 2015). Moreover, 
these three metrics are not the only way 
to evaluate usability as an outcome of 
interaction; the ISO-revision also puts 
emphasis on the intertwining aspects usa-
bility has with user experience, more so 
than what was defined previously in ISO 

As the human–machine 
interface designers at 
the Three Mile Island 
power plant accident 
had to learn the hard 
way: designers of today 
need not ignore the 
limitations of humans—
but rather accept them 
(Norman, 2013).
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9241-11:1998.
Delving into human and cultural factors 

is a given for investigating the usability of a 
product (Buchanan, 2001; Norman, 2013). 
Not only for achieving pleasantness, but 
also for preventing annoyance, frustration, 
and—in the worst of cases—danger for the 
user and their environment. A critique 
of the previous ISO 9241-11:1998 and its 
definition of usability was that it ignored 
social responsibility, i.e. a lack of emphasis 
on accessibility when defining usability 
(Bevan et al., 2015). Meaning, interactions 
should be designed to be usable by people 
with the widest range of capabilities and 
should account for fundamental human 
needs. 

3.1.2 User experience

A product is more than just a product, 
contradictory enough. Product design has 
moved ‘beyond the object’ (Thackara, 1988) 
and is now more akin to ‘service design’ in 
that users expect a valuable service from 
the products they buy (Norman, 2009). 
This includes the entire cycle of events 
surrounding the product and not just its 
active usage; the discovery, the anticipation, 
the box-opening, the onboarding, the 
gained familiarity, the maintenance, and 
the eventual renewal. This holistic view, 
this gestalt, of usage is referred to as the 
user experience—a product’s value is worth 
far more than the sum of its individual 
components to paraphrase Donald Norman 
(2009).

Nielsen and Norman (2014) define 
user experience (UX) as “... all aspects of 
the end-user’s interaction with the company, 
its services, and its products.” UX deals with 
the individual user’s qualitative perceptions 
and emotions about a product rather 
than observed quantifiable metrics; UX 
considers the human responses that occur 

before, during, and after use (Bevan et 
al., 2015). Important aspects within UX in- 
clude usability, functionality, aesthetics, 
content, sensation, emotional appeal, and 
how the experience changes over time 
(Rogers et al., 2015; Bevan et. al, 2015).

Given this all-encompassing, cohesive 
concept it is not possible to design a specific 
user experience, but only to design for one. 
In other words, one can design features 
that might evoke the intended emotions 

(Rogers et al., 2015). User experience goals 
are more subjective and personal compared 
to the more measurable and quantifiable 
usability goals. But as clarified in ISO 9241-
11:2018, these two concepts and respective 
goals are intertwined with one another. 
User experience goals could be manifested 
as a set of desirable—and undesirable—
adjectives often overlapping in meaning 
such as satisfying, pleasant, and enjoyable, 
to which an evaluating user can relate to 
(Rogers et al., 2015).

Every product has a user experience, 
given it is used by someone (Garrett, 
2010). Every product ranging from the 
simple, yet functional salt shaker to the 
high-tech and multi-faceted smartphone. 
Especially interesting are the latter kinds 
of technological products, seeing how 
humans turn such everyday artifacts into 
integral roles of their personal narrative 
and their interactions with the surround-
ing world (Hug & Kemper, 2014). Given 
the importance and how pervasive these 
technological artifacts are to our everyday 

Designing for user 
experiences not only 
carries a functional 
responsibility but an 
ethical one as well. 
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lives, designing for user experiences not 
only carries a functional responsibility but 
an ethical one as well. 

3.1.3 Designing for cool

Technology has—for better and worse—
become pervasive to our everyday life; 
certain products have advanced to the 
point of users “not wanting to go back” from 
them; smartphones, for example. Holtzblatt 
(2011) deconstructs such pervasive user 
experiences in her design framework for 

‘cool products.’ Joy is used as the foundation 
in this design framework for ‘cool’ which 
echoes previous design literature where 
Norman (2004) describe joy as the most 
basic of human emotions. There is not a 
specific feature of products which generate 
joy, but joy is rather a culmination of both 
sensual and interactive factors. Holtzblatt 
(2011) expands upon such factors relating 
to joy in UX via the ‘Wheel of Joy’ and the 

‘Triangle of Design’ (Figure 9). Together, 
these two diagrams make up important 
life aspects to consider when designing 
products—cool ones—that help us “move 
along the unstoppable momentum of life”  
(p. 42).

The Wheel of Joy by Holtzblatt (2011) 
represents core human motivations using 
four fulfilling aspects: Accomplishment, 
Connection, Identity, and Sensation. The 
first two core motivations generate joy, 
whereas the latter two are more of the 
enhancing kind.

 » Accomplishment is the fulfilling life 
aspect that weighs the most when 
it comes to achieving cool products 
and, ultimately, joy. Accomplishment 
is users’ joyful awareness that 
they can live their life better than 
previously, being able to traverse 
life’s unstoppable momentum more 
effortlessly (Holtzblatt, 2011). When 
designing for cool, the design focus 
shifts from the specific to the holistic; 
from tasks to life.

 » Connection is the second most 
important drive when designing for 
cool; tools that generate joy by enabling 
social connection and conversational 
moments with those who matter to us.

 » Identity—the ever-present task of 
figuring out one’s place in the world—
is a core life motivator that enhances 
joy from products. Cool products are 

Joy
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Figure 9: A framework for cool by Holtzblatt (2011)—the Wheel of Joy (left) and the Triangle of Design (right).
Figure 9: A framework for cool by Holtzblatt (2011)—the Wheel of Joy (left) and the Triangle of Design (right).
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tools that help us identify others like 
ourselves and find where we might 
deem ourselves to fit in; be it via 
lifestyle, activities, or values.

 » Sensation, or sensual delight, is 
another core life motivator that 
enhances joy rather than generates it 
in cool products. Sensual delight being, 
for example, a pleasant color scheme 
or perhaps a particularly satisfying 
sound. Holtzblatt (2011) stresses the 
importance of making sensation a 
natural part of the user experience.

Joy found within the use of a product makes 
the joy in life accessible. The Triangle of 
Design by Holtzblatt (2011) presents three 
important aspects of joy in product use: 
direct into action, the delta, and the hassle 
factor. 

 » Direct-Into-Action provides a pro-
found immediacy for users, allowing 
them to fulfill their intents directly 
from the get-go. 

 » The Delta enables this immediacy 
and considers the learning curve of 
products. An aspect which varies from 
generation to generation, as people 
establish their fundamental ways of 
interaction in their childhood; those 
who grew up with a tablet in their 
hand are likely to look upon the world 
differently than those who did not. 

 » The Hassle Factor is a balancing act 
within the design process; the art of 
solving a problem without introducing 
a new one. Cool products that remove 
both the synthetic and natural hassle 
of life renders an experience of relief 
and accomplishment. Other than 
considering necessary onboarding of 
products, this hassle aspect also deals 
with maintenance during and after 
periods of use.

3.2 Design intuition and 
synthesis

Intuition as a cognitive concept has 
since long queried both researchers and 
practitioners alike with its elusive defini-
tion and importance. Research shows that 
intuition is an essential component of de-
sign thinking and indeed a vital part of 
experienced professionals’ design process 
(Cross, 1999; Ahmed, Wallace, & Blessing, 
2003; Badke-Schaub & Eris, 2014). Yet 
strangely enough, for something so integral 
to the design process, the same researchers 
also note that there is a lack of scientific 
inquiries in this area of the design field 
(Badke-Schaub & Eris, 2014; Taura & Nagai, 
2017).

What is intuition exactly, then? Dane 
and Pratt (2007) define it as “affectively-
charged judgments that arise through rapid, 
nonconscious, and holistic associations” (p. 
40). This understanding of intuition was 
based on research made in the fields of 
cognitive science and decision making in 
business management. Recently, Taura 
and Nagai (2017) proposed a definition 
of intuition with regards to the design 
discipline: experimental intuition and asso-
ciative intuition, subdividing the term into 
two categories relating to two kinds of 
creativity designers employ.

3.2.1 Two types of creativity

‘Outside-the-box’ thinking is one of two 
types of creativity designers employ (Taura 
& Nagai, 2017). Such creativity relies on 
thinking past a problem’s preconceived 
notions by not fixating on the given 
solution space—thinking laterally (De Bono, 
2015). The origin of the popular outside-
the-box expression can be attributed to 
the ‘Nine Dot Problem’ in which a two-
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Figure 9: A framework for cool by Holtzblatt (2011)—the Wheel of Joy (left) and the Triangle of Design (right).
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dimensional puzzle only can be solved by 
drawing outside the perceived square of 
dots (e.g. Burnham & Davis, 1969). This 
experimental intuition (Taura & Nagai, 2017) 
facilitates instantaneous decision-making 
following patterns recognized based on 
one's experience. Indeed, such intuition can 
also work against designers by solidifying 
preconceptions rather than breaking them.

The other type of creativity Taura 
and Nagai (2017) highlight is the act of 
combining components of existing know-
ledge and technology as a means to form 

new concepts. The personal computer as 
we know it today is an example of such 
innovation and creativity. This kind of 
creativity is what Taura and Nagai (2017) 
call a manifestation of associative intuition  
where networks of free associations are 
created in the idea generation. The same 
researchers liken this type of creativity to  
our gut feeling and how one based on sen-
sibility and experience can feel something  
is related to something else; a sentiment 
also expressed by De Bono (2015).

Biomimicry is the design practice of 
adapting the cleverness of nature to hu-
man-made products (Goel, McAdams, & 
Stone, 2014) and falls under associative 
intuition. Various forms of mimicry have 
throughout history likely been the oldest 
and most efficient method of achieving 

major design advancements for our spe-
cies (Lidwell, Holden, & Butler, 2010). The 
idea of combining two existing entities 
into something new can be used to induce 
design intuition. A biomimetic approach to 
ideation is taken in the workshop method of 
Taura & Nagai (2012) where a living object 
and a product is specifically to be com-
bined with one another. Humans have a 
natural, relative familiarity to other living 
things and their characteristics—they make 
for inspired association-making and idea 
generation (Taura & Nagai, 2017). 

3.2.2 The elusive sense of 
wholeness

Intuition’s distinctive trait is the sudden 
feeling of all the right puzzle pieces falling 
into place (Sinclair & Ashkanasy, 2005). 
Both of the types of creativity mentioned 
above are characterized by what Durling 
(1999) describes as ‘wholeness’ in a flash 
of insight and similarly how De Bono (2015) 
refers it to suddenly viewing something in 
a new way. Consequently, a design process 
and its rationale may look arbitrary from the 
outside (Kolko, 2006). A successful-looking 
design process may have been erratically 
stumbled through on the inside, where un-
expected insights and breakthroughs were 
realized continuously along the way. Given 
this almost improvised nature, designers 
often refer to the role of intuition when 
talking about their reasoning process in 
interviews (Cross, 1999).

But that is not to say designers are on 
a daily basis committing the cardinal sin 
of science—not approaching the situation 
in a rigorous and analytical way, that is. 
Design intuition is not random. Conversely, 
because of the precedent-type of way de-
signers are continuously transforming 
old knowledge into new knowledge and 
applying the past to current experiences,  

Humans have a natural 
familiarity to other 
living things and their 
characteristics; they 
make for inspired 
association-making  
and idea generation 
(Taura & Nagai, 2017).
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an argument can be made that design 
intuition is somewhat rational (Gonçalves, 
Cardoso, & Badke-Schaub, 2014; Badke-
Schaub & Eris, 2014). But that makes for 
a very non-persuasive design rationale. 
Especially in a group setting, as previous 
studies and interviews with design pro-
fessionals can attest to (Durling, 1999; 
Badke-Schaub & Eris, 2014).

3.2.3 Synthesis and analysis 
in design

The ‘design science approach’ of Hubka 
and Eder (1988) propose that designers 
should have a knowledge-based reasoning 
and not jump to conclusions using intui-
tion. In the early ideation stages of a 
project, especially, this makes for an 
interesting discrepancy. How would some-
one go about being analytical and deli-
berate about every rapid, micro-decision 
made in the number of hundreds on a  
daily basis when exploring a design 
space and its possible solutions? A purely 
analytical approach in such a wicked posi-
tion—as per Buchanan (1992)—would be 
paralyzing for any designer (Badke-Schaub 
& Eris, 2014).

Intuitive as well as analytical design 
approaches are not in diametric opposition 
of one another but, rather, work in tandem. 
While analytical approaches generally re-
inforce one's persuasiveness, designers in 
practice switch back and forth between 
analytical and intuitive reasoning (Akin, 
1986; Taura & Nagai, 2017). Interestingly, 
the process behind many breakthrough 
products, like the PC, can be characterized 
as synthetic or revolutionary innovation:  
the purpose becomes clear only as the de-
sign process progresses (Duggan, 2013; 
Jacoby & Rodriguez, 2007). As opposed 
to analytical or incremental development, 
where an existing product or purpose for 

the process is given in advance (Taura & 
Nagai, 2017; Jacoby & Rodriguez, 2007).

Associative thinking is the tool for 
dealing with the unexpected and new 
(James, 1950). In design projects with little 
time but many ideas, intuition can be an 
invaluable tool. Experienced designers 
know this and rely on it too, as evident by 

interviews with them (Cross, 1999; Ahmed 
et al., 2003; Badke-Schaub & Eris, 2014). 
After all, while the current logical argument 
for design intuition might be difficult to 
argue, it is not complete guesswork or 
even irrational. Practicing and reflecting 
designers reframe past experiences to 
current design situations both deliberately 
and unknowingly all the time (Schön, 1983). 
To paraphrase Albert Einstein: intuition  
can spur creative solutions in a way that 
rigid, analytical reasoning will never be  
able to (Hermanns & Einstein, 1983).

3.3 Sound design

Sound has always been an important 
part of products—to interactive as well as 
artistic ends. However, the term ‘sound 
designer’ has officially only been around 
for 40 years; it is credited to Walter Murch, 
who worked on the film Apocalypse Now 
from 1979 (Reeves, 2014). It was the em-
ergence of interactive uses of sound which 

Intuition can spur 
creative solutions 
in a way that rigid, 
analytical reasoning 
will never be able to 
(Hermanns & 
Einstein, 1983).
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caught the attention of design researchers 
(Rocchesso et al., 2015). Much like the 
sound design researchers of today, Walter 
Murch recognizes the importance of com-
municating with the intuitiveness of sound; 
he does not consider film sound effects to 
be as pure as music, but at the same time 
to be more universally understood than any 
spoken language (Murch, 2005).

A challenge for any product, which 
aspires to awe its users, is to be truly multi-
modal in nature by being designed with 
all senses in mind (Monö, 1997). Sounds 
play an important role for our perception 
of product quality and can have a profound 
effect on the overall experience and our 
emotional reactions (Rocchesso et al., 2015; 
Spence & Zampini, 2006). For example, the 
abstract perception of powerfulness in cars 
and how such notions relate to the overall 
brand identity and user experience (Chang 
et al., 2017; Carron et al., 2014). Sound can 
add immersion and presence (Serafin & 
Serafin, 2004). Sound is also capable of in-
forming and drawing attention to external 
events without straining mental resources 
(Grey et al., 2013). 

Living in the legacy of Bauhaus design, 
sound design researchers notice the em-
phasis on formthinking and formgiving as 
visual concepts in contemporary design 
literature and practice (Erkut et al., 2015). 
Many of our everyday interactions with 
modern technology are strictly visual; in-
terfaces seem to neglect the interactive 
use of sound (Susini et al., 2006). This is 
perhaps not all too surprising, cognitively 
speaking, given how our vision is regarded 
as our primary sense (Calvert et al., 2004) 
and how the primary task of our ears is to 
guide our vision (Perrott et al., 1990). This 
visual dominance is evident in the Colavita 
effect, where people fail to register auditory 
stimuli when presented concurrently with 
visual stimuli (Spence et al., 2012; Posner et 
al., 1976).

Sound in everyday products being 
somewhat neglected is not a necessary 
condition, but instead an opportunity for 
designers. Especially so when considering 
the design trajectory of ‘disappearing tech- 
nology’ and more holistic user experiences. 
Humans turn everyday technological arti-
facts into pervasive objects of their daily 
narratives (Hug & Kemper, 2014) and sound 
has indeed the potential for voicing such 
interactions; metaphorically or literally by 
conversation. Translating this multimodal 
opportunity into interactive products fit 
for use in real-world settings, while also 
expressing a strong brand identity, remains 
a challenge (Erkut et al., 2015).

3.3.1 Iterative workflow as 
part of the creative process

Sound design has an inherent call-and-
response workflow, due to the medium 
naturally decaying or evolving over time, 
lending itself well to exploration and not 
following predisposed conventions. More 

simply put, turning a knob or parameter one 
way while not necessarily being fully aware 
of its precise function, yet immediately 
being able to hear its effect onto the sound. 
Much how Cross (1999) brought up design 
sketching as a type of reflective dialogue 
with the medium, i.e. quick thumbnail 

A sound designer 
will create rapid, 
intuitive, and inquisitive 
feedback-loops 
between themselves, 
their tools, and the 
sound source.
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sketches on paper, a sound designer will 
also create rapid, intuitive, and inquisitive 
feedback-loops between themselves, their 
tools, and the generating sound source.

It is encouraged in design thinking to 
explore the solution space unconditionally 
in order to end up with the novel and 
unexpected (Brown, 2009; Taura & Nagai, 

2017). The question is if one can know too 
much about the design tools themselves 
and their expected outcomes, per Taura 
and Nagai’s (2017) experimental intuition, 
where one counterproductively promotes  
thinking that is ‘inside-the-box’ when the 
intention is to spur the opposite. On this  
note, professionals often refer to ‘happy 
accidents’ whenever modeling and explor-
ing design spaces. Film composers and 
sound designers highlight the elusive 
nature of modular synthesis, where the 
modulation routing quickly can get out of 
control leading to unpredictable results  
and patching mistakes—happy accidents—
which can result in the unexpected and 
novel (Moog Music Inc., 2015).

Fortunate mistakes or not, some 
foundational knowledge of synthesis and 
sampling is still needed in order to design 
more efficiently and objective-oriented. 
Sketching with sound is not as rapid as 
thumbnail sketching with a pen and paper 
can be (Rocchesso et al., 2015) and technical 

know-how certainly improves the chances 
of getting the desired sound faster. Further, 
being familiar with the boundaries and 
typical uses of a tool can make it easier to 
subvert some specific function of them 
in order to create something new and 
exciting. What matters, in the end, for 
the user is what comes out of the speaker 
membrane in the intended context of 
use and not necessarily how the designer 
got there by the ‘right’ way or not. Roads 
(2015) underlines the diversity of audio 
tools by citing computer music pioneer 
Jean-Claude Risset (1991)—“there does not 
seem to be any general or optimal paradigm  
to either analyze or synthesize any type of 
sound” (p. 122).

3.3.2 Meaning-making in 
sound design

Our perception of sound is fickle; the very 
same sound can be interpreted entirely 
differently depending on its surrounding 
context and the amount of given attention 
as well as what other sensory stimulus 
the sound is paired with (Katz, 2015). 
This chameleonic and multidimensional 
quality of sound has proven to be quite the 
challenge for sound designers; the reliance 
on creativity and intuition has thus been 
acknowledged (Tuuri et al., 2007; Nykänen, 
2008; Hillman & Pauletto, 2014). Pirhonen 
(2014) argues that it would appear very 
difficult to analyze the meaning of sounds 
in such a detailed way that sound design 
would turn into a purely rational process—if 
not impossible.

Sound design is based on the designer’s 
ability to understand the intended listeners’ 
way of constructing meaning from sound in 
a given context (Pirhonen, 2014). Created 
associations through sound can be used 
to convey information to a listener. The 
relationship between the sound and the 

“There does not seem 
to be any general or 
optimal paradigm  
to either analyze or 
synthesize any type of 
sound.”
   —Jean-Claude Risset  
    (1991)
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event can both be direct and indirect (Petocz 
et al., 2008). Sounds can be abstract or 
onomatopoetic i.e. imitate nature (Ferranti 
& Spitz, 2017). Pirhonen (2014) suggests 
the use of metaphors as a framework for 
meaning-making and conceptualization 
in sound design. Metaphors have since the 
introduction of graphical user interfaces 
been widely applied in interaction design 
as a means to simplify the learning process 
(Rogers et al., 2015). 

The metaphors used to bring personal 
computing into the world were imitations 
of real-world counterparts and interactions, 
like the now ubiquitous ‘desktop’ and 

principles for direct manipulation (Rogers 
et al., 2015). However, mere imitation is 
not the true nature of the metaphor; the 
power of the metaphor lies in its ability to 
construct a concept in terms of another 
concept, as Pirhonen (2014) puts it. This 
is where contemporary interaction design 
may have gone astray as much of it has 
focused on substituting existing things 
rather than creating something genuinely 
new—the graphical user interface for the 
commonplace digital calculator springs to 
mind (Pirhonen, 2014).

Lakoff and Johnson (2008) postulate 
from a cognitive perspective that metaphors 
are pervasive to our fundamental ways of 
being. Metaphors, which create similarity 
between two seemingly unrelated things, 

are not pre-existing concepts but rather 
created internally by the interpreter and 
thus given their meaning (Black, 1962). 
Pirhonen (2014) suggests that interaction 
design should fundamentally be about 
supporting the metaphor creation within 
the user, building on Lakoff and Johnson’s 
(2008) seminal work. Ultimately, in doing 
so, new kinds of design opportunities would 
open up and aid our understanding of 
human–computer interaction.

Sound designers within the arts are 
more well-versed than most in supporting 
the metaphor creation process within 
people: recordings of frying bacon are more 
believable and perceptible as rain in a film 
than what actual, real field recordings of 
rain are; a lion’s roar mixed in with the 
engine sounds of a car adds a more visceral 
character to it (Kisner, 2015). Sound design 
finds itself between the rock and the hard 
place that is science and expressive art; the 
revised way of metaphorical thinking per 
Pirhonen (2014) has thus a lot of applicable 
potential. Product sound designers should 
look towards the arts for inspiration in how 
we as humans conceptualize sound.

3.4 Sound fundamentals

Sounds are created when a vibrating object 
displace molecules in the air which cause 
pressure variations (Hoggan & Brewster, 
2012). Given an elastic medium, such as the 
air, waves of alternating higher and lower 
pressure zones will propagate and move 
away from the vibration source. These 
sound waves can be captured and focused 
by our outer ear, the pinna, and led to our 
protective middle ear, and in turn through 
our inner ear and the cochlea which 
translate the waves into electrical impulses 
going to our brain, starting the process of 
sound perception (Raichel, 2006).

Interaction design, as 
well as sound design, 
should fundamentally 
be about supporting 
the metaphor creation 
within the user 
(Pirhonen, 2014).
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3.4.1 Properties of sound

Rossing, Moore, and Wheeler (2002) 
describe four essential and quantifiable 
physical properties of sound, each of which 
impacts our auditory perception: amplitude, 
frequency, waveshape, and duration.

Amplitude and loudness. Amplitude 
is a measurement of the strength of 
vibration, specifically the deviation away 
from the mean pressure level (Hoggan & 
Brewster, 2012). The physical property of 
amplitude corresponds to the perceptual 
property of loudness—a sound with greater 
amplitude is likely to sound louder, put 
simply (Nykänen, 2008). The perceived 
loudness of sound is also affected by other 
auditory parameters, such as frequency 
(section 3.6.1). The standard measurement 
unit for amplitude is decibel (dB).

Frequency and pitch. Frequency 
is the rate of vibration and is normally 
measured in wave cycles per second, or 
hertz (Hz) rather (Edworthy, 2017). A faster 
vibrating object has a higher frequency 
and vice versa. The physical property of 
frequency corresponds to the perceptual 

quality of pitch—higher frequency equals 
higher pitch (Hoggan & Brewster, 2012). 

A regular, periodic pattern of vibrations 
is how we can perceive a definite pitch, like 
notes generated by musical instruments. 
Some sounds—musical or not—do not 
have a clear definite pitch; percussive im-
pact sounds such as cymbals for instance 
(Hoggan & Brewster, 2012). This is due to 
an irregular vibration pattern, and result in 
a more general, higher-or-lower perception 
of pitch (Pejrolo & Metcalfe, 2017). 

Pitch can also be defined as the qual-
ity of sound which can be ordered on a 
musical scale; there are 96 different pitches 
arranged in eight octaves, each consisting 
of 12 notes in a western musical system. An 
octave can be expressed as a frequency ratio 
of 2:1 (Hoggan & Brewster, 2012).

Waveshape and timbre. The oscil-
lating motion of a vibrating object can be 
graphically represented as a waveform, 
usually done by plotting the amplitude 
and time (in milliseconds) on two axes 
(Figure 10). The waveshape is the pattern 
of vibration, or rather the pattern of which 
air molecules are displaced. The physical 
property of waveshape corresponds to 

Figure 10: A sine wave and a complex waveform.
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Figure 10: A sine wave and a complex waveform.
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the perceptual quality of timbre, which 
sometimes is used interchangeably with 

‘tone’ when describing sounds (Pejrolo & 
Metcalfe, 2017). The most basic form of 
vibration comes from the sine wave and its 
smooth oscillations back and forth render  
a simple, dull tone (Edworthy, 2017). Musi-
cal instruments, like a guitar string, vibrate 
in more complex waveshapes and have 
richer, more interesting timbres.

Timbre is the perceptual quality that 
allows us to differentiate two sounds with 
the same loudness and pitch—what makes a 
piano sound different to a violin playing the 
same note (Jeon, 2010; Katz, 2015). While 

not yet fully understood, the mechanisms 
of this elusive attribute are based on the 
spectrum and dynamics of sound (Hoggan 
& Brewster, 2012). What researchers are 
sure about, however, is the innate ability of 
timbre which makes it the most immediate 
and easily recognizable characteristic of 
sound (Blatter, Sumikawa, & Greenberg, 
1989).

Duration. The length of sound is 
another important auditory characteristic 
which affects our perception. Loudness 
increases with duration for sounds less 
than 1 second (Hoggan & Brewster, 2012). 
Auditory interfaces will often consist of 
shorter sounds and thus keeping them at 
a reasonable intensity level is essential in 
order not to cause annoyance (Edworthy, 
2017). Repetition, the amount of system 

feedback, and when in time are also 
important parameters to consider when 
designing the duration of interface sounds.

3.4.2 Components of sound

Knowing the anatomical components of 
sound, presented in this section, improves 
a sound designer’s ability to transform 
thought into action.

Fundamental frequency. A sine wave 
is considered the most basic form of sound 
(Hoggan & Brewster, 2012; Edworthy, 2017). 
Fourier analysis breaks apart an audio sig-
nal into its component sine waves (Gelfand 
1981). For a harmonic sound, e.g. a musical 
instrument, the multiple sine waves that 
form this sound have frequencies that are 
mathematically related, either in integers 
or fractions (Pejrolo & Metcalfe, 2017). The 
slowest and strongest sine wave is called 
the fundamental frequency (Hoggan & 
Brewster, 2012). This is the frequency that 
our brain perceives as the pitch of the sound, 
despite multiple frequencies occurring at 
the same time. 

Harmonics and overtones. The sine 
waves that make up a sound are called 
partials, and harmonics are partials that 
are integer multiples of the fundamental 
frequency (Hoggan & Brewster, 2012). Har-
monics contribute to a richer timbre and a 
fuller sound. Naturally occurring sounds 
are often complex and consist of many 
sine waves with different frequen-cies and 
amplitudes (Pejrolo & Metcalfe, 2017). In 
short, the shape of a waveform corresponds 
to its harmonic content. A sine wave will 
only generate a fundamental tone; a saw 
wave of the same pitch, on the other hand, 
will generate a fundamental but also a rich 
number of harmonics.

Irregular vibrations might also occur, 
i.e. additional sine wave frequencies, 
and these non-harmonics together with 

Timbre is the most 
immediate and 
easily recognizable 
characteristic of sound 
(Blatter, Sumikawa, & 
Greenberg, 1989).
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harmonics are referred to as overtones. 
Non-pitched instruments, like snare drums 
and cymbals, have predominantly non-
harmonic overtones which weaken the 
sense of definite pitch (Pejrolo & Metcalfe, 
2017). Static or white noise—perhaps 

most commonly associated with older 
televisions—can be seen as the opposite 
of a musical note, as it consists of random 
frequencies with equal intensities, giving 
it a constant spectral density (Carter & 
Mancini, 2009).

Transient and body. The presentation 
of sound is inherently tied to the temporal 
domain and can as such typically be 
divided into two anatomical parts along the 
time axis: the transient and the body. For 
percussive sounds and musical instruments, 
there is usually an initial, louder impact, 
followed by a quieter, sustained wave. This 
initial impact is called the transient and is 
very brief, typically 10–20 ms, and sounds 
like a burst of noise when isolated (Farnell, 
2010). The initial ‘click’ that precedes the 
decaying resonance after a drum has been 
hit, for example. 

The resonating, sustaining part is 
sometimes referred to as ‘the body’ of the 
sound. With a guitar, for example, the body 
contains the musical vibrations we perceive 
as the pitch of the note, while the transient 
supplies the ‘attack’ and punchiness of the 
string hit. A transient can be as much as 20 
dB or so louder than the rest of the note. 
Sound design practices often reduce the 
amplitude of transients, to allow for greater 
overall loudness, but at the expense of some 
sense of impact (Pejrolo & Metcalfe, 2017).

3.5 Sound production

There are primarily two different ways 
of approaching sound design: one being 
synthesis and the other being sampling 
and playback (Hoggan & Brewster, 2012; 
Pejrolo & Metcalfe, 2017). There are subset 
methods within these two main categories; 
each method has its own merited context 
of use and their respective workflows and 
output characteristics vary. This section will 
introduce the reader to the fundamental 
architecture of sound production and its 
most rudimentary terminology.

3.5.1 Synthesis fundamentals

To synthesize something means to put 
something new together by combining 
existing components. A synthesizer, or 
synth, is a device that creates new sounds 
electronically by generating different tones 
and then modifies those sound waves 
with various audio processing (Merriam-
Webster, n.d.). The synthesizer has since 
its commercialization in the ‘60s found its 
way into the everyday computer by digital 
means as the principal source of sounds for 
audio projects (Pejrolo & Metcalfe, 2017).

Signal path. The basic architecture 
of a typical synthesizer consists of three 
main types of components: sound sources, 
modifiers, and modulation sources (Farnell, 
2010). Sound sources include oscillators 
and noise generators, as well as audio files 
such as samples or wavetables. The most 
common modifiers are filters and amplifiers. 
Filters manipulate the frequency content 
of a sound, such as making something 
less harsh by attenuating its higher fre-
quencies. Amplifiers set the output level. 
Modulation sources impose an overall shape 
onto the sound and allow the sound to be 
changed over time. The two most common 

Harmonics contribute 
to a richer and fuller 
timbre of the sound. 
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modulation sources are envelope generators 
and low-frequency oscillators (LFOs). Figure 
11 illustrates, in schematic form, basic 
synthesizer modules.

Oscillators. The oscillator module 
produces a raw sound wave, either to 
be heard after sculpting or to be used in  
silence for modulating other synth para-
meters. Periodic oscillator waveforms pro- 
vide for pitched sounds, e.g. pianos or 
guitars, while the random waves of noise 
generators are suitable for non-pitched 
sounds, such as percussion. Multiple oscil-
lators can be combined and modified in 
parallel or separately, usually set octaves 
apart, to create a more ‘richer’ sound. The 
practice of layering different timbres is 
an effective method for creating unique 
sounds (Ferranti & Spitz, 2017). Especially 
if the different sounds are tailored to fit or 

accentuate one of the four general time 
divisions that make up a sound: the attack, 
decay, sustain, and release (Pejrolo & 
Metcalfe, 2017). 

Filters. A filter is a frequency-based 
modifier and can be described as a tone-
coloring effect (Aisher, 2015). A low pass 
filter (LPF) attenuates higher frequencies: 
only the lower frequencies below a set 
cutoff point will be ‘passed through’ and 
heard (Moog, n.d.). Conversely, a high pass 
filter (HPF) passes only the higher fre-
quencies through above a set filter cutoff 
point (Pejrolo & Metcalfe, 2017). The cutoff 
point is where the filtering of frequencies 
will begin and its gradual effect can be ap-
plied at varying strengths determined by 
the filter slope (Pejrolo & Metcalfe, 2017). 

A formant filter has a more complex 
shape than a low or high pass filter, as it 
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Figure 11: Fundamental architecture of a synthesizer.
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imposes multiple resonance peaks onto 
the sound source (Reid, 2001). The tonal 
reinforcements in such filters emulate the 
characteristic resonances generated in hu-
man speech, given a starting timbre that 
is spectrally rich enough. A more animate 
vowel sound will take form when the re-
sonant peaks—the formants—are modula-
ted over time. Figure 12 illustrates graphic 
representations of a low and high pass fil- 
ter as well as a formant filter shaping the 
vowel sound of [e].

Low-frequency oscillator (LFO). One 
way to change sound sources over time 
is using low-frequency oscillators (LFOs). 
These are dedicated, subsonic frequency 
oscillators that generate frequencies typi-
cally up to ~20 Hz which provide periodic 
modulation to any of the modules in a 
synth (Pejrolo & Metcalfe, 2017). LFOs 
are not meant to be heard in the output; 
their relatively slow cycles of oscillations 
are rather used as modulation input.  
LFOs have adjustable parameters: the 
rate controls the frequency or speed of  
the periodic modulation; the depth or 
intensity controls the strength of the 
modulation; the waveform determines the 
shape of the oscillation, e.g. a smoothly 
flowing sine wave, and will produce dif-
ferent periodic effects.

A common periodic modulation in syn- 
thesis is the vibrato effect, where an LFO 
in the shape of a sine or triangle wave 
modulates the oscillator pitch at 6–9 Hz 
(Pejrolo & Metcalfe, 2017; Roads, 2015). 
This replicates what humans naturally do 
with string instruments when vibrating 
a held string up and down in a musical 
fashion, such as with guitars and violins. 
For extra flair can the LFO depth, which 
controls the amount of pitch change, be 
modulated by an envelope generator with a 
slow attack; this causes the vibrato effect 
to gradually increase in strength over time, 
just like an expressive human might do with 
a string instrument.

Envelope generators. An envelope 
generator is a modulator that imposes 
an overall shape to the otherwise steady 
tones coming out of the oscillators. Shape, 
here, refers to the sound’s behavior over 
time. A common modulation destination 
for an envelope generator is the filter cut- 
off point, to shape the sound source’s fre-
quency content over time. Practically any 
available synth parameter can be changed 
over time, e.g. modulating the waveform 
shape itself, the pitch of oscillators, and 
of course the volume level. Changes over 
time is an essential component of design-
ing sound. A dynamic, evolving sound is 
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more likely to catch a listener’s attention 
and emotional interest (Pejrolo & Metcalfe, 
2017; Huron, 2013a).

An envelope generator is triggered by 
an event in time; a key is pressed in the case 
of a traditional synthesizer. The standard 
way of shaping an envelope is with the 
ADSR parameters: Attack, Decay, Sustain, 
and Release (Pejrolo & Metcalfe, 2017). 
Attack time sets the rate of initial build-up 
of the note. Decay time sets the rate of the 
initial drop-off. After the decay time, the 
note holds at the Sustain level for as long 
as the key is held down. When the key is 
released, the Release stage kicks in which 
sets the rate of the note’s drop-off back to 
silence. The anatomy of an ADSR envelope 
is illustrated in Figure 13.

Macros. The ‘gradually increasing 
vibrato’ effect described earlier introduced 
a new concept: modulating the modulation 
source. In the vibrato case, an envelope 
generator is modulating the depth of an 
LFO which itself is modulating the pitch, 
making the vibrato’s magnitude increase 
over time. This ‘meta-modulation’ that 
changes another modulation source is 
sometimes referred to as an ‘auxiliary 
source.’ Changing something over time  
that is already modulating something 
else over time can yield interesting—and 
surprising—sound design results.

A macro is a controller which can  
control more than one modulation. The 
respective minima and maxima values 
mapped out to the macro range can be 
set differently for each parameter being 
modulated. This way, one controller can 
transform a sound more coherently by 
changing multiple parameters all at once,  
as well as at different speeds between the 
set parameter ranges (Roads, 2015). For 
example, a macro can be set to control each 
one of the ADSR parameters within certain 
ranges; such a macro enables one to scale  
a sound design more proportionally.

MIDI. MIDI stands for Musical 
Instrument Digital Interface and allows 
electronic instruments to send and receive 
performance information (Moog, 1986). 
A key is pressed, by which the controlling 
keyboard device sends a set of MIDI data 
events to the synthesizer module, which 
then performs the note played accordingly 
(Hoggan & Brewster, 2012). MIDI is a 
digital form of sheet music; it informs the 
electronic instrument of when a note was 
played, the pitch of that note, the number 
of notes, how hard the notes were played, 
as well as other performance-related values. 
Only the description of the performance 
is communicated over MIDI, and not the 
sound itself hence its lightness in data size 
(Pejrolo & Metcalfe, 2017).
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Arpeggiator. An arpeggiator is a 
form of musical sequencing device, often 
bundled into a synthesizer, that can be 
programmed to play the input notes of a 
chord in a certain order (Pejrolo & Metcalfe, 
2017). The arpeggiator itself does not pro-
duce any sound; only performance data 
(MIDI) for other instruments to play is 
outputted. For example: a C major chord 
arpeggiated upwards results in the notes 
C, E, and G being sequentially output 
over and over as long as the MIDI input  
tells the arpeggiator to. The rate of this 
repetition can be set to taste. In musical 
contexts it is often synchronized to the 
tempo of the composition; in more general 
sound design contexts the rate can be set 
more freely in Hz. 

One of the most basic chords in music 
is the major triad; it consists of three 
pitches: the root note, the major third, and 
the perfect fifth (Pen, 1992). Performing 
the major triad of C translates to playing 
the notes C (root note), E (major third), and 
G (perfect fifth) at the same time. An even 
more stripped down, although tonically 
different, version of the triad is the fifth 
chord, sometimes referred to as a power 
chord because of its prominence in rock 
music and with distorted guitars (Fender, 
n.d.). A fifth chord has only got two notes: 
the root note and the fifth.

3.5.2 Synthesis types

Three prominent types of synthesis are 
used in this thesis project: subtractive 
synthesis, wavetable synthesis, as well as 
FM synthesis.

Subtractive synthesis. The idea of 
subtractive synthesis is one of refinement. 
The signal flow starts out sonically dense, 
such as the buzzy tone of a sawtooth os-
cillator, and the process then goes on to 
shape that raw material into something 
more precise and unique using modifiers 
and modulation sources (Roads, 2015). One 
popular analogy is likening subtractive 
synthesis to stone carving: chiseling away 
the undesired parts out of the rich, raw 
block of material and leaving the ones that 
make up the final shape. However, as we 
know, sound changes over shorter periods 
of time—a sculpture does not. 

Wavetable synthesis. Wavetable 
synthesis is a digital, common, and cost- 
effective form of sound generation that 
utilizes a string of short, one-cycle waves 
for its sound source (Hoggan & Brewster, 
2012; Pejrolo & Metcalfe, 2017). Essentially, 
very brief recordings of wave cycles 
(Figure 14) of an existing sound can be 
used as the repeating waveform in the 
synthesizer oscillator. Multiple single-cycle 

46 ms

Single waveform

Figure 14: Wavetable synthesis repeats short wave 
cycles as its basis for sound creation. A wavetable (left) 
stores multiple waveforms in sequence; interpolation 
between waveforms can create more expressive sounds.
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waveforms stored in sequence are referred 
to as a wavetable. Rich, shifting timbres 
can be created when cycling through and 
interpolating and ‘morphing’ between 
the waveforms stored in the wavetable; a 
feature that has great creative potential  
for designing novel sounds (Pejrolo & 
Metcalfe, 2017). 

Audio files of shorter lengths can be 
imported, divided into fitting wave cycles, 
and made into a wavetable (Pejrolo & 
Metcalfe, 2017; Xfer Records, n.d.). A single 
wave cycle that is part of a wavetable is 
illustrated in Figure 14 (p. 33). While the 
imported and now spliced up sample will 
not sound identical when played back by 
the synth, the converted wavetable format 
opens up interesting design possibilities. 
What happens when a non-tonal element, 
such as a percussive drum, is imported 
and set to play a more tonal sound? What 
happens when a lion’s roar is converted to 
a wavetable and then pitched down using 
synthesis and not traditional sampling? 
Such explorations can be great incubators 
for ‘happy accidents.’

FM synthesis. Frequency modulation 
(FM) requires in its most primitive form 
a pair of sine waves, where one signal 
modulates the frequency of the other 
(Chowning, 1973). These two signals are 
termed the modulator and the carrier; both 
of which are set at a pitch in the audible 
range. The workings of FM can be thought 
of as an extreme vibrato effect (Pejrolo & 
Metcalfe, 2017). Rather than slower and 
noticeable periodic motion in pitch, FM 
distorts the carrier waveform and creates a 
complex set of new overtones changing the 
timbre significantly (Hoggan & Brewster, 
2012; Yamaha, n.d.). The more signal of the 
modulator added, the more complex the 
resulting waveform becomes. 

The resulting overtones, the sidebands, 
can either result in both a harmonious 
or discordant sound; this timbre is deter- 

mined by the relationship in pitch between 
the carrier and modulator (Pejrolo & 
Metcalfe, 2017). FM synthesis with ratios 
of integers, as in x/2, 1x, 2x, 3x… , result in 
more harmonic overtones. FM with non-

integer ratios result in more dissonant and 
noisy timbres. Synthesis using frequency 
modulation has typically a certain digital, 
metallic, and bell-like ring to its sound—
perhaps most synonymous with the syn-
thesized electric pianos featured on almost 
every chart-topping pop ballad in the ‘80s 
(Polyphonic, 2018).

Amplitude modulation. Amplitude 
modulation (AM) is similar to FM, in that 
an audible carrier wave is modulated by 
another audible wave, resulting in gene-
rated sidebands (Moog, n.d.). Here, the 
amplitude of the carrier is modulated 
instead of the frequency. Just as in FM, the 
resulting timbre with AM depends on the 
frequency ratio of the two waves (Pejrolo & 
Metcalfe, 2017). FM and AM are related in 
terms of their function in sound design, as 
they both can create spectrally rich but also 
dissonant and ‘rougher’ timbres (Roads, 
2015; Pejrolo & Metcalfe, 2017; Moog, n.d.).

Vocoders. Vocoding is yet another 
form of synthesis where a carrier and a 
modulator signal are synthesized into 
articulating a third, new sound (Gibbs, 
2007). In popular culture, the vocoder is 
perhaps most connotated to electronic 
music and the signature robot voices of 
Kraftwerk and later Daft Punk (Hütter, 
Schneider, & Bartos, 1978, track 1; Bangalter 
& de Homem-Christo, 2013, track 12). To 

FM synthesis has 
typically a certain 
metallic and bell-like 
ring to its sound.
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achieve such a ‘talking synthesizer’ effect, 
the voice input is set to be the modulator 
signal and a synth timbre full of harmonics 
is set as the carrier signal (Reid, 2000). 

In effect, a vocoder uses an external 
signal to modulate both the loudness and 
the timbre of the carrier waveform. The 
result of a vocoder depends on the shared 
frequencies between the modulator and 
the carrier (MeldaProduction, 2013a). This 
is why the sawtooth is such a common 
waveform choice for the carrier signal in 
vocoders—its harmonic richness covers 
a wide range of frequencies (Reid, 2000). 
Vocoders can be excellent tools for sound 
designers to create unique timbres—the 
concept of articulating a new sound by 
encoding one sound to another extends far 
beyond only modulation with the human 
voice (Reid, 2000; Gibbs, 2007). 

3.5.3 Sampling and samplers

A sample player is a digital musical in-
strument that can, amongst other things, 
emulate the sounds of acoustic instruments 
by playing back audio recordings of in-
dividual notes from said instruments. A 
sampler can be used for more creative 
purposes and various audio processing. 
Most notably transposing an audio file to 
different pitches, up or down, given a root 
key. A sampled sound played in a lower 
pitch will playback in a slower tempo 
(Roads, 2015). This does not mimic how 
real-life acoustics work, and transposing 
sounds using a sampler can often result in 
interesting and novel timbres.

Another creative potential with 
sampling is choosing what region of the 
audio file that is going to be played back. 
In other words, only keeping the very 
beginning (the attack) or the most level-
consistent part (the sustain). A sound 
quickly loses its original identity whenever 

removing its full context like this, and 
consequently a new type of sound might 
appear (Pejrolo & Metcalfe, 2017). Further, 

stitching together a new sound composed 
of different parts can make for some unique 
sounds, like combining the attack of a 
staccato violin with the sustain of a piano 
(Pejrolo & Metcalfe, 2017).

3.5.4 Audio effects and 
processing 

The creative possibilities in sound design 
extend deeper with the use of additional 
effects on top of the recorded, synthesized, 
or sampled material. Common practices 
include: tone-shaping the sound further with 
equalizers; emulating the sense of space 
with reverbs and echo delays; harmonically 
enriching or ‘destroying’ the sound with 
distortion; and dynamically controlling the 
volume level with compressors and limiters 
(Figure 15). Fundamental audio processing 
techniques are introduced in this section, 
as the following have all been used in the 
design process of this thesis work.

Equalizers: tone-shaping sound. An 
equalizer—or an EQ for short—is a tone 
shaping tool that can boost or attenuate 
a chosen range of frequencies. A graphic 
equalizer lets users dial in nodes at specific 
frequencies where the attenuation or 

Stitching together 
different anatomical 
parts from different 
sound sources can 
make for unique 
designs (Pejrolo & 
Metcalfe, 2017).
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boosting should occur (Roads, 2015). The 
node affects not only the center frequency 
but the range of frequencies surrounding 
it. This range is illustrated by a bell curve 
and the Q parameter determines how wide 
or narrow the effect is. An attenuating 
bell node with a narrow Q value can 
surgically notch out any piercing, annoying 
resonances present in the audio signal. 
Conversely, using a wide Q value is useful 
for more general tone balancing.

We associate certain frequency ranges 
with certain metaphorical and descriptive 
terms: boomy, warm, harsh, bright, and 
so on. The tone of a groovy bassline can 
be described as thick, while a digital tone 
generator sounds edg y and sharp. An equal-
izer can effectively be used to remedy or 
accentuate such tone descriptors. Piercing 
brass instruments can be made less harsh 
by attenuation at 4–7 kHz (Katz, 2015). A 
recording perceived as too ‘boomy’ can be 
remedied by attenuation in 80–100 Hz area 
(Pejrolo & Metcalfe, 2017). The notion of 
‘presence’ can be accentu-ated by a boost 
in the lower midrange, or a strong boost 
in the upper midrange (Katz, 2015). These 
tone descriptors cover overlapping ranges 
because they depend on the sound source; 
the frequency sweet spot for ‘presence’ in a 
human voice is likely not the same as for a 
bass instrument.

Compression & limiting: controlling 
dynamics. The human voice can be very 
dynamic—the range between its quietest 
whispers and its loudest shouts is quite 
expressive. There are many contexts where 
the dynamic levels of sound need to be 
controlled and kept at a more consistent 
level. For instance, compression applied to 
the voice of a sports broadcaster results in 
a louder and more intelligible voice for the 
audience. Compression on the voice brings 
out the lower, boomier frequencies of our 
voice—a larger-than-life timbre that we have 
come to associate with the voices on the 
radio (Katz, 2015).

Compression can be thought of as an 
automatic volume control. A processing 
device that reacts to an input signal at a 
certain threshold and attenuates its level 
by a certain amount (Roads, 2015; FabFilter, 
2018). This amount is determined by the 
compressor’s ratio. A ratio of 4:1 would 
require an input signal to increased 4 dB 
above the set threshold before it would 
be 1 dB higher on the output. In effect, a 
compressor makes the loudest parts of an 
audio signal quieter—the peaks are brought 
down. Consequently, the gain reduction 
also makes the whole signal sound quieter, 
which is why make-up gain is used to 
recover the original loudness level (Roads, 
2015). 
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Figure 15: Four common mixing and audio processing e�ects.Figure 15: Four common mixing and audio processing effects.
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Distortion: reshaping the waveform. 
Electrical audio signals vary in voltages. 
Analog electronics have limits as to how 
high a voltage level they can pass. When an 
audio signal exceeds the maximum level, 
the circuit or component will fail to track 
both positive and negative voltage swings; 
the tops and bottoms of the waveform 
flatten beyond that level. This altering of 
waveshape is called clipping and results 
in a change of timbre since the shape of 
a waveform corresponds to its harmonic 
content (Katz, 2015). This is what is known 
as distortion—a distortion of the original 
waveshape.

Harmonic distortion, or saturation, is 
when the waveshaping is more gradual  
in which the tops and bottoms of the 
waveform are rounded off; this effect 
adds harmonic overtones and a pleasant 

‘presence’ to the audio signal (Katz, 2015). 
Figure 16 illustrates both the change in 
the waveform shape as well as frequency 
spectrum of such ‘rounded-off ’ harmonic 
distortion, where a sine wave has been 
processed with a heavy tape saturation 
effect producing odd-numbered harmonics 
above the fundamental frequency.

Masking is an auditory phenomenon 
where stronger frequencies in a multi-
speaker environment drown out or atten-
uate other frequencies (Gelfand, 1981). 

Adding harmonics and thickening the 
spectral content can mitigate the masking 
effect (Patterson, 1982; Edworthy & Hellier, 
2005). Thus, harmonic distortion could po-
tentially be of use in combating masking 
by spectrally thickening a sound intended 
for busy environments via the addition of 
harmonics. 

Reverb: creating a sense of space. 
A sound wave will naturally interact with 
its surroundings and reverberate. Reverb 
is an audio processing effect that can si-
mulate an acoustic surrounding of various 
sizes and forms, given an input signal. A 
common metaphor for the sound of reverb 
is the concept of fluidity and wetness. A dry 
signal is unaffected whereas a wet signal is 
only the reverberations—the music of the 

‘80s is often described as being “drenched 
in reverb.” Of course, our default state of 
hearing is always ‘wet’ as sound bounce 
naturally around us all the time whether we 
are conscious of it or not.

Reverb, as a design tool, is useful for 
conveying a sense of space and distance. 
Stevens, Brennan, and Parker (2004) ex-
amined four different sound modifiers, 
reverb being one of them, applied to 
auditory icons in various combinations 
as means to convey size, distance, and di-
rection. Participants were accurate at re-
cognizing the four parameters 70–80% of 
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the time. Stevens et al. (2004) point out that 
‘distance’ is a concept of relative judgment 
(near or far away) and it seems as if solely 
relying on reverberation as an informative 
design parameter has limitations due to its 
imprecise and abstract nature.

Delay: accenting sounds with time. 
Delay, or echoes when exaggerated, is an-
other useful tool for conveying depth and 
distance via sound (Farnell, 2010). Echoes 
are a recognizable symbol—or auditory 
caricature rather—for space and distance 
(distance, distance, distance… ) yet echoes only 
naturally occur in large and reflective 
spaces. A delay is a processing unit that 
simply delays an audio signal in time. A 
delay effect can repeat and gradually at-
tenuate itself over time with the use of 
feedback, often synchronized to a tempo 
in musical contexts (Roads, 2015; Pejrolo & 
Metcalfe, 2017). 

3.5.5 Mixing and finalization

Mixing is the act of combining a set of 
produced sounds and blending them 
into a final composition (Roads, 2015). 
In a musical context, mixing entails the 
balancing, enhancing, and emphasizing  
of recorded instruments done in the fina-
lizing stages of producing a record. For 
auditory interface designers, the same idea 
applies where mixing by definition is an 
act of balancing sounds in relation to each 
other. Common operations include: tone-
sculpting sounds to fit better within the 
frequency spectrum with the use of EQs; 
creating a sense of depth and distance via 
reverbs and delays; controlling the dyna-
mics in level by compression, limiting and 
gain automation; as well as spatializing the 
sounds in the stereo field with the use of 
panning (Réveillac, 2018). 

The practice of mixing is not purely 
functional but, on the contrary, an art form 

in itself. Our perception is polyphonic 
much like music (Roads, 2015) and sound 
designers make use of listeners’ inadvert-
ent ability to synthesize larger-than-life 
gestalts from multiple, individual sounds 
put together. Mixing can transform the 
perception of sounds, artistic as well as 

functional, and lets designers emphasize 
their intended expression by shaping 
the relationships between the composed 
sounds. As such, the Gestalt principles 
(Todorovic, 2008) also apply to mixing  
and the way we listen. Our auditory 
perception and visual counterpart share 
several gestalt laws with each other; most 
of which being grouping mechanisms:  
law of proximity, similarity, good con-
tinuation, common fate, familiarity, and 
closure (Bregman & Campbell, 1971; Meyer, 
1956; Tenney & Polansky, 1980; Deutsch, 
1982, 1999).

Masking and mix clarity. A re-
curring problem to address in mixing is 
masking, and especially in compositions 
where multiple sounds that share many 
frequencies play concurrently. Masking is 
an auditory phenomenon where one sound 
obscures another sound (Gelfand, 1981). 
Consequently, in mixing where clarity and 
well-defined sounds often are the target, it 
becomes important for sound designers 
to be able to remedy the underlying root 
causes for masking (Pejrolo & Metcalfe, 

Sound designers 
use the listeners’ 
inadvertent ability to 
create larger-than-life 
gestalts composed 
of multiple individual 
sounds together. 
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2017). If too many similar sounds are 
stacked on top of each other, certain humps 
of shared frequencies will still start to add 
up and create a ‘muddy’ and unclear tone.

One approach to solve masking is 
spectrally; by attenuating a conflicting fre-
quency area in one sound can the other, 
competing sound take more presence in 
the mix (Pejrolo & Metcalfe, 2017). Another 
approach is to solve it temporally; by ad-
justing the timing of competing sounds 
can their similar timbres avoid clashing 
(Pejrolo & Metcalfe, 2017). This can be done 
either manually or using automated side-
chain compression: if one of the competing 
elements is used as the external signal to 

a compressor placed on the other sound, 
the latter element will automatically ‘duck 
down’ in volume whenever the external 
signal sound plays, thus avoiding masking 
issues (Réveillac, 2018).

Digital audio workstations. A digital 
audio workstation (DAW) is the modern 
standard for composing, mixing, and 
finalizing sounds. Mixing and additional 
processing have the potential to vastly 
change the timbre of a created sound, and 
since timbre is very important for our 
qualitative judgments it is only natural 
for sound designers—who aim to present 
a specific idea to a listener—to ‘mix-as-
they-go’ to fully express their ideas more 
vividly. Synthesis activities are thus deeply 
intertwined with mixing operations in 
electronic music creation and sound design 

(Roads, 2015). DAWs are also more than a 
mixing tool for sound designers, as their 
timeline-based arrangements can be used 
to store sketches and ideas. 

Rendering and finalization. Finally, 
the mixing process is also one of finalization 
where composed and composited sounds 
are rendered into suitable audio formants 
(Jeon, 2010). Making sure that one’s product 
translates as imagined on the intended 
speakers by testing and correcting is also a 
part of this finalization process. Depending 
on the hardware and speakers that will 
play back the sound, there might be a 
need for quality trade-offs in order to meet 
performance and storage requirements. 
Reduction in sample rate as well as the 
use of audio codecs, MP3s and the like, for 
example (Hoggan & Brewster, 2012). 

3.6 Human hearing

Humans have evolved to have an excellent 
sense of sound, along with great resolution 
and ability to discern sounds between a 
wide range of frequencies. But we are far 
from linear machines and being aware 
of our perceptual biases—some evolved, 
others associative—is useful for designers. 

3.6.1 Nonlinear hearing

The human hearing range lies between 
20 Hz and 20 kHz, of which the upper 
limit decreases with age (Hoggan & 
Brewster, 2012). When designing sounds, 
it is important to consider that we are 
not equally sensitive to all frequencies 
in terms of perceived loudness. Sound 
designers should, therefore, account for 
the nonlinearity of perceived loudness 
when thinking of sound as an information  
carrier. Equal-loudness contours, originally 
by Fletcher and Munson (1933) and later 

Spectral or temporal 
separation can be used 
in mixing practices to 
avoid the cluttering, 
undesirable effects of 
auditory masking.
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revised in ISO 226:2003, illustrate the non-
linearity of human hearing.

For instance, by looking at such equal-
loudness contours in Figure 17, a sound 
centered around 3000 Hz will be perceived 
as louder than a sound at 100 Hz with the 
same intensity level (Katz, 2015). Broadly 
speaking, there is more sensitivity around 
the upper midrange at 3–4 kHz and the 
lower midrange at 1 kHz (Pejrolo & Metcalfe, 
2017). Roads (2015) hypothesize that this 
sensitive midrange might be of evolutionary 
origin—the sound of a baby crying falls 
within this sensitive frequency band and, 
more specifically, 1200 to 1800 Hz is the 
region where harsh speech formants reside. 

3.6.2 Loudness and pitch 
perception

The measurement unit for amplitude is 
decibel (dB). The quietest level of sound 
we normally can hear is defined as 0 dB 

SPL (Katz, 2015). The maximum level of 
loudness one can perceive without poten- 
tial lasting hearing damage is at approx-
imately 120 dB SPL (Pejrolo & Metcalfe, 
2017). As the decibel scale is logarithmic, 
this wide dynamic range equates to an 
impressive ratio of 1,000,000,000,000:1 
(Moore, 2003). A ballpark figure for busy 
traffic in urban environments is 80 dB 
(Maryland Department of Transportation, 
n.d.). Our perception of how loudness 
comes from the average level; transient 
peaks are too short for our hearing to 
register the momentary higher levels (Katz, 
2015; Pejrolo & Metcalfe, 2017).

Humans are not good at judgments 
of absolute loudness; Buxton, Gaver, and 
Bly (1991) report that our ability to do so 
is limited to a scale of about three levels. 
Loudness perception is a relative matter. 
Auditory interface designers have to be 
careful when using loudness as a design 
parameter to convey information, as re-
search long have shown that excessive 
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Figure 17: Equal-loudness curves from ISO 226:2003. Take note of the sensitivity in the midrange at 3 kHz.
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loudness is a primary cause of annoyance 
(Edworthy, 2017). Rather, it is advocated 
that volume is never to be used as a design 
parameter in a system whatsoever and 
should be left up to the user if possible 
(Hoggan & Brewster, 2012). 

Humans are also not very proficient at 
making absolute pitch judgments (Moore, 
2003). It is estimated that 1 in 10,000 has 
’absolute pitch’ i.e. the ability to listen and 
determine the definite pitch of an isolated 
sound (Takeuchi & Hulse, 1993). We are 
on the other hand a lot better at discern-
ing relative changes in pitch. The human 
auditory system, in general, is very good 
at detecting changes in stimuli (Edworthy, 
Loxley, & Dennis, 1991; Huron, 2011). 
Manipulating pitch parameters is one of 
the more useful tools sound designers have 
to their disposal (Buxton et al. 1991; Jeon, 
2010; Hoggan & Brewster, 2012). 

3.6.3 Attending to sound

From one single sound source—say, 
banging on a door—a lot of information 
can be gathered quite quickly about the 
sound-generating object but also about the 
entity or person causing the sound: clues 

about the distance to the door, its mater- 
ial, as well as the emotional state of the 
person knocking (Stevens et al., 2004; 
Nykänen, 2008). This is referred to as the 

connotative mode of listening and indeed, 
this source-oriented mode seems to be 
so effortless that we are not conscious of 
it (Tuuri, Mustonen, & Pirhonen, 2007). 
Naturally, people notice sounds that stand 
out from the ecological soundscape, and 
such salient events are emphasized in our 
perception (Pedersen & Ellermeier, 2008). 
We interpret sounds, or rather the action 
or event that caused them, and assign 
meaning to them based on our surround- 
ing context (Neuhoff, 2004). 

An orienting response is characterized 
by an animal turning and looking to a 
stimulus—visibly attending to the sound 
(Huron, 2013a). Other than extracting 
characteristic source properties of sound, 
people are also proficient at isolating, or 
attending to, certain auditory streams 
within sound itself. This perceptive ability 
is famously demonstrated in the busy 
environment of the cocktail party effect: 
people can focus on a specific conversation 
despite several, cluttering speakers sur-
rounding them (Cherry, 1953). An auditory 
stream is analogous to a visual object 
(Bregman, 1990) and just like with objects, 
we tend to group auditory streams together 
by proximity; namely by alignment in 
frequency and time (Bregman & Campbell, 
1971). 

There are, of course, limits to how 
precisely we can attend to multiple sounds. 
Walter Murch postulate that people can 
only identify about three concurrent 
sound elements when watching a film 
(Katz, 2015). Huron (1989) conducted a 
study of simultaneous musical ‘voices’ 
and found, indeed, that error rates went 
significantly up beyond the number of  
three concurrent musical parts. The in-
formative use of concurrent sounds in 
auditory interfaces should be approached 
carefully as such designs degrade recog-
nition rates significantly and must, even 
then, be presented in a certain way using 
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Figure 17: Equal-loudness curves from ISO 226:2003. Take note of the sensitivity in the midrange at 3 kHz.

We effortlessly hear 
sources of sound 
rather than sounds 
themselves; this is 
called the connotative 
mode of listening.
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different timbres and slight time-offsets 
(McGookin & Brewster, 2004).

3.6.4 Spatialized sound

Human hearing is binaural—we perceive 
the world in stereo. Sound designers can 
manipulate the perceived spatial position 
of sound in several ways. Directional sound 
can give cues about a referent’s location 
and increase situational awareness; either 
physically with the speaker itself or psycho-
acoustically with interaural cues, i.e. time 
and intensity differences between each ear. 
Dynamically changing the inter-aural cues 
over time can create a sense of movement. 
Emulating three-dimensional (3D) sound 
binaurally with head-related transfer func-
tions (HRTF) or with multiple speakers can 
aid immersion and improve precision in 
interactive contexts. Spatialization allows 
for easier focus on specific sound sources 
in a busy environment (Miller, 2018), via  
auditory stream segregation, resulting in 
improved speech intelligibility as demon-
strated by the cocktail party effect (Yost, 
Dye, & Sheft, 1996).

Spatial interfaces can, however, also be 
confusing in some instances. Some drivers 
find it difficult to localize the precise loca-
tion of a collision warning when signaled 
inside the car interior (Fitch et al., 2007). 
Wang et al. (2017) reported that several dri-
vers found it hard to distinguish warning 
signals from the front versus the rear in a  
3D multiple-speaker setup; the same study 
also reported that three-dimensional audi-
tory warnings were effective with one road 
user involved other than the driver, but 
also that the warning signals became ambi-
guous with multiple road users around the 
car. While potentially confusing, Wang et 
al. (2017) also observed attention-grabbing 
benefits of using spatial warnings inside a 
car.

3.7 Bone conduction 
hearing

Beethoven suffered from hearing loss for a 
significant portion of his life and was by 44 
years old almost deaf (Swafford, 2014). But 
through biting down on a metal rod that was 
attached to his piano, he was able to hear the 
sound of music again (Ealy, 1994). Through 
the vibrations caused in his jawbone and 
conducted to the rest of his skull, Beethoven 
was still able to perceive sound, compose 
music, and adhere to his life’s calling. This 
rather novel way of hearing utilizes what is 
called bone conduction. 

3.7.1 A special case of 
hearing

We primarily think of sound as something 
that is delivered to us in the medium of air. 
But, just like Beethoven, we are also capable 
of receiving pressure variations through the 
bones in our skull. Vibrations conducted 
through the skull bone are no different in 
kind to the pressure variations that travel 
through the air as far as the cochlea’s 
cilia, the fine hairs in our inner ear, are 
concerned. Bone conduction bypasses the 
ear canal, which otherwise regular sound 
by air conduction goes through. Henry 
and Letowski (2007) differentiate bone 
conduction from tactile stimulation and 
consider bone conduction a special case of 
hearing.

The bone conduction techniques of 
today have come a long way from metal rods 
between teeth. A variety of commercially 
available bone conduction headphones 
(BCH) exist today on the market. Bone 
conduction technology has more recently 
been applied and researched in areas 
where an improved situational awareness 
is valued: e.g. military communication, 

Figure 18: A commercial pair of bone conduction 
headphones (Aftershokz, n.d.) placed in front of the ear.
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cycling, and navigation for the sight-
impaired (MacDonald, Henry, & Letowski, 
2006; Stanley & Walker, 2006; Everyday 
Hearing, 2018; Wilson et al., 2007). The 
novel ‘open-ended’ design of bone con-
duction headphones (BCH) lends itself well 
for such purposes, as BCH enables com-
munication that does not require users to 
cover their ears.

Bone conduction hearing thresholds 
are highly variable; the vibrator placement, 
if the ears are occluded, and how the  
device is designed all influence how well  
the sound travels into the inner ear 
(Studebaker, 1962; Patrick et al., 2014). A 
common placement is on the condyle 
in front of the ear, where the vibrating 
earpiece can rest on the tragus (Figure 18). 
Walker and Stanley (2005) investigated 
hearing thresholds for (a now outdated) 
pair of BCHs; the result was resembling 
that of a typical equal-loudness curve: 
lower frequencies fell off considerably 
below 600 Hz while there was a more 

prominent sensitivity around 1–2 kHz. If 
one were to remeasure equal-loudness 
curves for a modern pair of BCHs in 2019 
(e.g. Aftershokz, n.d.) one would likely see 
improvement in the low-end frequency 
response.

The occlusion effect occurs when 
listeners’ ears are plugged and adds a 

‘boomy’ sound to our perception. More 
specifically, a lowered hearing threshold 
of 10–20 dB in the range of 200 Hz and 
below compared to unplugged BC hearing 
(Watson, 1938). A benefit to using BCH is 
how users can be more situationally aware 
in a natural way by not having to occlude 
their ears. However, the ‘open-ended’ con- 
struction of BCH may prompt users to use 
a future product with bone conduction 
technology while also having in-ear head-
phones plugged in. Thus, consideration 
of the loudness increase caused by the 
occlusion effect is relevant for designers 
working with BCH, and particularly with 
stimuli of lower frequencies.

Figure 18: A commercial pair of bone conduction 
headphones (Aftershokz, n.d.) placed in front of the ear.

Earpiece rests
on the tragus

Leaves the
ear canal open

Figure 18: A commercial pair of bone conduction 
headphones which earpieces rest in front of the ear.



44 Chapter 3—Theory

3.7.2 Lateralized and 
spatialized bone conduction 
hearing

Stanley and Walker (2006) investigated 
the degree of lateralization, the perceived 
placement of sound in the horizontal 
plane, possible with BCH by presenting a 
moving pulse train of tonal stimuli using 
steps of interaural level differences (ILD); 
it was found that lateralization through  
ILD between the left and right channel 
could be just as easily attained with BCH 
as with regular headphones. Lindeman et 
al. (2008) examined localization judgments 
of moving sounds in front of listeners and 
found no difference in localization per-
formance between a speaker array and 
BCH, both of which outperformed a pair of 
regular headphones.

MacDonald et al. (2006) investigated if 
true spatialization, in terms of 360 degrees, 
could be achieved with BCH using audio 
filtered through head-related transfer 
functions (HRTF). A ‘stimuli train’ of noise 
bursts around the listener’s head was 
simulated, containing eight locations with 
45-degree separation. Results showed that 
binaural localization performance between 
BCH and regular headphones was nearly 
identical. Barde et al. (2016) studied how 
spatialized audio via BCH might aid users 
in visual search tasks; results showed that 
spatialized binaural cues far outperformed 
monophonic, non-directional cues in visual 
search tasks.

The aforementioned findings with re-
gards to localization performance and the 
non-occluding design of not having one’s 
ears plugged indicate a strong potential 
for bone conduction headphones to be in 
used auditory or multimodal displays in de-
manding environments where situational 
awareness is valued.

3.8 Looming sounds

Other than being able to sufficiently localize 
the direction of a sound, our auditory 
system also carries the ability to tell if a 
sound is dangerously approaching us or not. 
A looming sound is a term in literature used 
to describe the sound of an approaching 
object. Conversely, a receding sound is the 
term used to describe sounds that appear to 
move away from us. Sounds that appear to 
encroach our personal space have intrinsic, 
threatening qualities that will be prioritized 
cognitively and will also evoke more in-
tense emotional responses compared to 
sounds that appear to move away from us. 
The empirical and neurological findings 
provided in this section could potentially 
be useful for sound designers looking to 
naturally raise alertness and prime intuitive, 
protective actions. 

3.8.1 Perceptual bias

A large body of research supports the no- 
tion that humans perceive and prioritize 
looming and receding sounds differently. 
Sounds increasing in intensity were loca-
lized faster and more precise than decrea-
sing sounds (McCarthy & Olsen, 2017). 
Abstract (Bach et al., 2009) and ecological 
(Tajadura-Jiménez et al., 2010a) looming 
sounds evoked more intense emotional 
responses and higher ratings of threat per-
ception compared to equivalent receding 
sounds. Looming sounds are perceived to 
be faster than equivalent receding sounds 
(Neuhoff, 2016). More brain activity is 
excited for approaching visual, auditory, 
and tactile stimuli (Bremmer et al., 2001). 
Sounds with rising intensity activate the 
amygdala, the warning central of the brain 
(Bach et al., 2008), and a distributed neural 
network supporting attention as well as 
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motor perception and planning (Neuhoff, 
2016). McGuire et al. (2016) suggest that 
this perceptual bias is automatic, where 
subjects exhibited a significantly larger 
auditory looming bias under high cognitive 
load. 

The supported theory as to why this 
perceptual and neural bias occurs calls 
upon evolution to offer an explanation and 
was initially proposed by Neuhoff (1998). 
It can be neatly summarized as this: better 
safe than sorry. Humans consequent over-

estimation of an approaching object’s speed 
provides a temporal margin of safety; the 
difference between looming and receding 
sounds in anticipation suggests a cognitive 
prioritization that mirrors the threat level  
of moving objects in the environment 
(Neuhoff, 2016). The auditory looming 
bias theory falls under the larger error 
management theory which suggests that 
cognitive biases will evolve under con-
ditions of uncertainty, where there is a 
disproportional and evolutionary cost to 
making false positive and false negative 
errors (Haselton et al., 2009).

3.8.2 Looming characteristics 

The most dominant motion cue for 
conveying looming and receding sounds 

is the apparent, continuous change in 
loudness (Rosenblum et al., 1987; Olsen, 
2014; Bach et al., 2009). Something that 
becomes louder quickly appears to move 
closer to us and could potentially endanger 
us. The evolutionary argument, made by 
many in literature, is that some types of 
sound have an intrinsic biological salience 
to them (Boero & Bottoni, 2008). Similarly, 
Tajadura-Jiménez et al. (2010a) found that 
loud sounds with negative connotations 
gave rise to more intense emotional 
responses.

When an object approaches an 
observer, the sound will obey the inverse 
square law and increase approximately 6 
dB per halving of distance (Farnell, 2010). 
The magnitude of this curve, i.e. the rate 
of intensity change per time unit, is an 
indicator of the perceived velocity (Charlile 
& Leung, 2016). Intuitively, a faster rate of 
change would indicate a higher velocity, 
and by extension a more prioritized threat. 
It is not the absolute loudness point of a 
looming sound that is the most meaningful 
to the listener, but it is rather the rate of 
change that can provide useful anticipatory 
information (Neuhoff, 2001).

Spectrally complex sounds, such as 
vowel sounds and white noise, elicited 
faster and more precise localization of 
looming sounds when compared to simple, 
single tones (Morikawa & Hirahara, 2013; 
McCarthy & Olsen, 2017). Our sense 
of hearing uses primarily two types of 
interaural cues whenever localizing sound: 
comparing differences in intensity (ILD) 
and in time (ITD). Time differences (ITD) 
are the dominant localization cue for low 
frequencies, while intensity differences 
(ILD) are the dominant one for middle to 
high frequencies (Letowski & Letowski, 
2012). As a partial explanation for this ob-
served ‘spectral bias’ in the localization 
performance of looming sounds, McCarthy 
and Olsen (2017) propose that a spectrally 

Humans have evolved 
a perceptual bias for 
looming stimuli that 
appear to encroach our 
peripersonal space; 
a bias that is more 
evident for affectively 
negative stimuli.
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rich sound maximizes the the interaural 
cues more so than the simple pure tone.

Our emotions can be considered our 
own biological alarm system (Larsson 
& Västfjäll, 2013). People’s connotations 
to the sounds themselves also influence 
the looming bias; there was a significant 
tendency for quicker response times when 
responding to negative photographs and 
rising tones in the audiovisual experiment 
study by Tajadura-Jiménez et al. (2010). 
The same study measured the emotional 
response to looming real-world sounds, 
e.g. a baby crying or a dog barking, and 
the auditory looming bias was similarly 
only apparent for sounds categorized as 
unpleasant, arousing, threatening, and sa-
lient. A biologically salient and aggressive 
stimulus might elicit a startle response, and 
in doing so prompt dangerous behavior and 
degrade performance in critical situations 
(Panksepp & Bernatsky, 2002). 

3.8.3 Looming sounds as 
collision warnings

Ho, Spence, and Gray (2013) compared types 
of looming warning signals in response to a 
critical frontal collision situation. Constant 
and looming auditory signals, spatially 
looming auditory signals using an array of 
speakers, as well as dynamic vibrotactile 
warning signals were tested. The looming 
auditory stimuli were either of pure tones 
or white noise. Ho, Spence, and Gray (2013) 
found that auditory looming intensity sig-
nals were most effective at reducing the 
driver’s brake response times (BRT) as well 
as having a low false alarm rate. Contrary 
to one of the study’s hypotheses, looming 
vibrotactile warnings did not elicit the same 
performance increase in BRTs as it did with 
auditory looming signals, and were also no 
better in performance than the constant 
intensity vibrotactile warning signals.

3.9 Size-sound 
symbolism

Linguists and literary theorists accept that 
the relationship between speech sounds 
and their meanings are generally arbitrary 
and not predetermined (Tsur, 2006; Ohala 
et al., 1997). But there is also a case to be 
made for the opposite for both speech 
and non-speech sounds; a theory which 
hypothesizes a non-arbitrary relationship 
between sound and its meaning. Hinton, 
Nichols, and Ohala (1994) elaborate on this 
viewpoint in their book and define sound 
symbolism as the hypothesized systematic 
relationship between sound and its meaning.  
This section will present how the evident 
ethological patterns relating to pitch and 
loudness in cross-species vocalizations can 
potentially be used by sound designers 
seeking to prime certain interpretations 
about an entity’s implied size as well as 
emotional state.

3.9.1 The frequency code

People tend to go upwards in pitch at the 
end of asking a question, and conversely, 
tend to use a lower fundamental frequency 
(F0) when turning a question into more of a 
statement (Bolinger, 1978). The use of pitch 
can also suggest size and aggression. Ohala 
(1984) coined the frequency code based on 
Eugene Morton’s (1977) ethological work. 
In short: “the association of high acoustic 
frequency with smallness and low acoustic 
frequency with largeness” (Ohala et al., 1997, 
p. 103). Frequency content does not itself 
signify the size of the vocalizer but rather, 
physiologically, indicate the mass of the 
vibrating membrane which is likely to cor-
relate with the mass of the vocalizers body 
(Tsur, 2006). Moreover, the loudness of 
a vocalization affects the frequency code 

Figure 19: A sound-symbolism model by David Huron (2012) based on ethological research.
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depending on the pitch—from friendly 
to fearful and from relaxed to aggressive. 
Figure 19 illustrates The Acoustic Ethological 
Model by Huron (2012) which summarizes 
the sound-symbolic relationship between 
volume and pitch. 

The symbolic use of pitch is not just 
evident in humans but also in cross-species 
behavior (Hinton et al., 1994). Morton 
(1977) studied vocalizations in competitive 
encounters of 28 avian and mammalian 
species respectively. In all cases, the threat-
ening species uttered a low-pitched sound 
whereas the submissive species emitted a 

high-pitched sound. A dog’s growl contra 
its yelp, for example. Proponents of the 
frequency code theory claim this use of 
pitch by animals has great benefits for 
survival, evolutionary speaking, as no 
physical confrontation is by far a better 
outcome in terms of survival than one with 
injured winners and losers (Tsur, 2006).

A dispute over resources between 
animals will initially lead to a game of 
intimidation by visual means. Combat in 
nature rarely have unscathed winners and 
conflicts will initially try to be resolved 
by intimidation, e.g. by trying to appear 

Figure 19: A sound-symbolism model by David Huron (2012) based on ethological research.
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bigger and more advantageous than one’s 
foe (Morton, 1977; Ohala et al., 1997). Cats 
arch their backs and birds extend their 
wings, for example. But visual exaggeration 
is not the only way to showcase one’s 
size—the use of sound can also be 
intimidating. The fundamental frequency 
(F0) of vocalizations can indirectly sig-
nal an impression of size where F0 is 
inversely related to the dimensions of 
the vibrating membrane (Morton, 1977). 
The smaller the vocal cord, the higher  
the fundamental frequency. The larger 
the vocal cord, the lower the fundamental 
frequency.

3.9.2 Physical properties in 
size-sound symbolism

Ohala et al. (1997) propose that it is not only 
F0 that conveys an impression of size but 
also the frequency content in general. The 
same inverse-relationship reasoning is used 
here as before: a vocal tract with smaller 
dimensions produce resonances at higher 
frequencies due to plain wave physics, and 
thereby indicate a smaller vocalizer. Vice 
versa, a longer vocal tract will generate 
lower resonances giving an indication of a 
larger vocalizer (Ohala et al., 1997). Further, 
a more massive vibrating membrane is 
more likely to produce secondary vibrations, 
which occur more irregularly, and thus 
likely create a more rough, non-harmonic 
voice quality (Tsur, 2006).

The use of periodic or aperiodic wave 
cycles is also of relevance in threatening 
and non-threatening vocalizations. Periodic 
sounds are generally perceived as smoother 
and more pleasing (Hoggan & Brewster, 
2012). Also, as more predictable which is 
an important trait to recognize from an 
evolutionary perspective (Morton, 1994). In 
nature, appeasing animals vocalize higher 
and often tonal, as in periodic, pitches to 

display themselves as non-threatening 
(Morton, 1994). Likewise, and linguistically, 
periodic consonants such as [m] and [n] are 
perceived as soft and appeasing to humans 
(Tsur, 2006). The relationship where higher 
pitches are associated with appeasement 
and deference, and the one where lower 
pitches are associated with aggression 
and seriousness, are both evident cross-
culturally in humans and not just for 
animals (Bolinger, 1978).

Aperiodic waveforms, more random 
and irregular sounds, are perceived as 
disorder and can, in turn with their harsh-
ness, signify aggression among animals 
when combined with a lower pitch per 
the frequency code (Morton, 1994) and 
ethological model (Huron, 2012; Figure 
19, p. 47). Similarly, in human speech, 
aperiodic continuants such as [s] and [z] 

are perceived to be harsh (Tsur, 2006).  
In contrast to the appeasing periodic 
waves, aperiodic sounds create a sense 
of unpredictability—a dangerous thing 
in nature. Randomly changing sounds 
inform, rather intuitively, the listener of 
unpredictable changes, prompting one to 
be on constant alert for potential danger; 
a rough voice quality or timbre can with 
its inherent unpredictability be symbolic 
for dangerous circumstances although not 

A perceptually rougher 
timbre derived from 
aperiodic wave cycles 
can with its inherent 
unpredictability be 
symbolic for dangerous 
circumstances although 
not dangerous in itself 
(Tsur, 2006).
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dangerous in itself (Tsur, 2006).
David Huron, a researcher in music 

cognition and music psychology, puts it 
aptly with regards to the frequency code: 

“One of the best generalizations one can make 
about sound is that low-frequency sounds 
are associated with greater size and greater 
mass” (Huron, 2013b, 0:22). Similar to the 
vocalizations of aggressive animals, when 
a melody in music is transposed down—as 

in lowered in pitch and thereby frequency 
content—it is heard as more threatening, 
less polite, and less submissive when 
compared to the original melody in a higher 
pitch (Huron, Kinney, & Precoda, 2006). 
Furthermore, Huron claims according to 
him and his colleagues’ work in music 
cognition that the association of low pitch 
with aggression or seriousness in music 
is not a cultural convention, but rather an 
association that is biologically prepared 
(Huron, 2013b).

3.9.3 Vowel and formant 
sounds as size-sensations

Vowel height is a measure of how closely 
the tongue is positioned to the roof of the 
mouth. Jurafsky (2013) points out high 
front vowels, e.g. [i] and [e], and low back 
vowels, e.g. [A] and [o], to be of interest in 

size-sound symbolism. Front vowels, such 
as in tiny and teeny, are made when the 
tongue is high up in the front of the mouth. 
Back vowels, such as in huge and large, are 
vocalized with the tongue placed lower 
in the back of the mouth (Jurafsky, 2013). 
Phonetic researchers have remarked on the 
frequent crosslinguistic occurrence of high 
front vowels being generally perceived as 
small and expressing small things, and low 
back vowels being generally perceived as 
big and expressing large things (Ultan, 1978; 
Thorndike, 1945; Chastaing, 1958; Fischer-
Jørgensen, 1978; Sapir, 1929). 

Formants are the natural resonances—
the characteristic tonal humps—of vowel 
sounds in a given vocal tract (Reid, 2001) 
and are spectrally located above the 
fundamental frequency. Formants distin-
guish speech sounds from one another 
(Tsur, 2006; Nykänen, 2008); an ‘eee’ sound 
has a higher second formant (F2) of 2300 
Hz, whereas an ‘ooo’ sound has a lower 
second formant of 870 Hz (Reid, 2001). 
Proportionally higher second formant 
frequencies are associated with high front 
vowels (Ultan, 1978). Ohala et al. (1997) 
expand their case for the frequency code 
with this phonetic backbone: high front 
vowels are associated with higher pitches 
meaning smaller things, and low back 
vowels are associated with lower pitches 
meaning bigger things. 

3.10 Auditory feedback

The omnidirectionality of sound gives it 
communicative advantages over visual 
stimuli in some cases—we do not have 
to ‘look’ at sound (Graham, 1999). Our 
sense of hearing is closely connected with 
the brain’s arousal and activation systems 
(Meng & Spence, 2015). Salient sounds 
such as beeping alarms catch our attention, 
which is a useful characteristic in critical 

“One of the best 
generalizations one 
can make about sound 
is that low-frequency 
sounds are associated 
with greater size and 
greater mass.”  
   —David Huron (2013) 
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situations that require immediate attention 
(Sirkka et al., 2014). But alarms can quickly 
get intrusive and stressful because of 
this. Many researchers report misuse and 
careless implementations of auditory 
warning signals (Edworthy, 1994; Block et 
al., 1999; Ulfvengren, 2007; Sirkka et al., 
2014). 

An auditory display provides inform-
ation using sound and commonly uses 
simple alerts; its type of communication 
is mostly limited to alerting a user that 
something has happened and requires 
attention (Lundkvist et al., 2017). Auditory 
warning displays in industrial control 
rooms, for example (Sirkka et al., 2014). 
Carefully implemented auditory displays 
can efficiently deliver useful information to  
users despite the risk of fatigue, increased 
annoyance, or reduced attentiveness over 
time that comes with sound. Auditory 
displays can help reduce visual overload in 
task-demanding environments (Haas & Van 
Erp, 2014; Wang et al., 2017).

Proper urgency mapping is important 
when designing auditory displays—how 
quickly one should react according to a 
signal’s indication (Edworthy & Hellier, 
2006). If a warning is not as important as 

it sounds like, it simply risks being muted 
by experienced users (Block et al., 1999). 
Completely turning alarms off is neither the 
best nor safest practice however, but in the 

case of auditory displays there are often not 
any other choices. Especially if the alarm  
is piercing or perceived annoying other-
wise. Users may try to avoid experiencing 
the negative emotions associated with 
the sound simply by avoiding the sound 
altogether (Sirkka et al., 2014) as per 
emotion regulation theory (Gross, 2001).

3.10.1 Alarms and urgency

Increasing the fundamental pitch of 
an auditory warning also increases its 
perceived urgency (Edworthy, Loxley, & 
Dennis, 1991). Increasing the amount of 
tonal inharmonicity also increases the 
perceived urgency (Hellier & Edworthy, 
1999; Russo et al., 2003). The tempo and 
rhythm of auditory warnings modulate 
perceived urgency, where shorter intervals 
between pulses increase the perceived 
urgency (Edworthy et al., 1995; Marshall, 
Lee, & Austria 2007). How unpredictable 
something sounds also increase perceived 
urgency (Edworthy et al., 1995).

Although loudness is effective for 
manipulating perceived urgency (Haas & 
Edworthy, 1996) it is also a design para-
meter that, infamously, increase perceived 
annoyance (Edworthy, 2017). A design 
challenge is managing the psychoacoustic 
correlation between perceived urgency 
and perceived annoyance; increasing the 
urgency of a sound also increases how 
annoying it sounds (Marshall et al., 2007). 
Manipulating the pulse interval, or pulse 
rate, has a positive effect on perceived ur-
gency without a proportional increase in 
perceived annoyance, which cannot be said 
for an equally urgent increase in loudness 
(Hellier et al., 1993; Marshall et al., 2007; 
Gonzalez et al., 2012). 

Extremely urgent auditory warnings—
such as very loud ones—can reflexively 
trigger a startle response in users which 

Users may try to avoid 
experiencing the 
negative emotions 
associated with alarms 
by simply muting 
the sound altogether 
(Sirkka et al., 2014).
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hinder the correct action, or yet worsen 
it (Patterson, 1990). Politis et al. (2014b) 
noticed a startle response in a simulated 
driving scenario where an urgent multi-
modal warning signal was presented si-
multaneously with the onset of a critical 
collision event. Biondi et al. (2014) found, 
similarly, that the abrupt onset of a 2000 
Hz warning beep startled drivers; subjects 
reflexively took their foot off the gas pedal 
and shortly after initiated compensatory 
behavior to regain control of the vehicle, 
which ultimately led them to deviate from 
the correct driving path. Kawachi et al. 
(2014) found that the startle response to a 
loud auditory stimulus could be reduced 
and even prevented by introducing a less 
intense pre-stimulus 20 ms before the main 
stimulus.

3.10.2 Auditory icons

Gaver (1986) define auditory icons as 
representations based on the naturally 
occurring sounds in our environment which, 
in an interface, provide auditory cues about 
an object, function, or event. A car horn 
is an auditory icon in driving interfaces 
(Larsson & Västfjäll, 2013). Gaver (1986) 
further describes them as a caricature 
of what they represent. Like their visual 
counterparts, auditory icons can present 
information in a concise and recognizable 
format (Blattner et al., 1989). Sounds that 
draw on our experienced familiarities with 
the world are intuitive and easy to learn 
(Edworthy et al., 2014; Frimalm et al., 2014). 
But, whenever there is a range of auditory 
icons it is important to separate them by 
using different timbres to avoid acoustic 
similarity (Gaver, Bly, & Buxton, 1991; 
Edworthy, 2017).

Auditory icons are characterized 
sonically by their referent—a water drop, 
a bike bell, a skidding tire, and so on. 

Problems arise when the referent mapping 
to the sound is not strong enough in the 
user’s context, rendering the auditory icon 
hard to interpret and possibly confusing 

(Larsson & Västfjäll, 2013; Edworthy, 2017). 
When direct associations are not feasible, 
indirect associations can do just as fine 
(Stephan et al., 2006). An indirect mapping 
is when the referent of a sound is not the 
event but, rather, can be associated with 
the event in some other way. A dog barking 
refers directly to a dog. Whereas, a rooster 
crowing refers indirectly to the more 
abstract concept of ‘dawn’ (Stephan et al., 
2006).

A challenge with the use of auditory 
icons is that their saliency cannot always 
be guaranteed in busy environments in the 
same, piercing way that loud, tonal alarms 
can (Frimalm et al., 2014). Additionally, 
designing different levels of urgency with 
auditory icons is more challenging than 
with synthetic, abstract tones. The pro-
perties of auditory icons are semantically 
tied to a strict frame and manipulating their 
properties, such as speed and pitch, can 
result in them losing their sonic identity and 
meaning. Hence, auditory icons are better 
at signifying what the alarming event is   
and they are useful when the meaning of 
alarms need to be immediately obvious 
(Edworthy, 2017). 

Auditory icons use 
caricatures of naturally 
occurring sounds to 
denote their meaning 
to users; the sound of a 
skidding tire can signal 
an imminent collision, 
for example.  
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Auditory icons in car interfaces can 
be more effective warnings than abstract 
sounds (Fagerlönn, Lindberg, & Sirkka, 
2015) and can elicit faster response times 
(Graham, 1999; Belz et al., 1999). Auditory 
icons also resulted in significantly shorter 
response times, fewer errors, and less 
annoyance than abstract sounds when 
informing drivers about traffic events 
(Fagerlönn & Alm, 2010). Møller (2016) 
developed a 3D auditory display for truck 
drivers where the sound of a bike bell  
alerted drivers of nearby cyclists; it was 
suggested that the truck drivers were 
pleased with the system and had created 
a mental model of the auditory icon, 
adressing ‘the bike’ instead of ‘the warning 
signal’ in post-interviews.

3.10.3 Earcons

Earcons, in contrast to auditory icons, 
do not base their recognition model on 
ecological and familiar sounds. Earcons 

can be defined as abstract, synthetic, and 
often musical tones; they are designed 
using rhythm, pitch, timbre, register and 
dynamics parameters (Blattner et al., 1989). 
Musical motifs are common in earcon 
design; these are short, easily identifiable 
snippets of musical phrases. For example, 
four descending tones in a certain rhythm 

may represent a system shutting off. The 
pitch relationships in earcons affect their 
perceived emotion; affective responses 
to earcons were changed with the use of 
either a major (positive) or minor (negative) 
version of the same chord (Lemmens, 2005).

The abstract nature of earcons can 
make them arbitrary to those unfamiliar 
with them which thus requires learning 
(Edworthy & Hellier, 2006). The upside 
to this is that earcons do not have to  
resemble the event that they are referring 
to, making them potentially more effective 
than their true-to-life counterparts in cases 
where the referent is too complex or has 
an otherwise diffuse sonic characteristic 
(Ng & Nesbitt, 2013). The downside is that 
confusion can easily occur if the earcons 
are not intuitive enough, or forgotten, and 
recognizing them depends on the user’s 
ability to decode and separate abstract 
musical variations (Blattner et al., 1989; 
McGookin & Brewster, 2004).

3.10.4 Speech

Speech is the most literal way to convey 
information in auditory displays (Jeon, 
2010). People are instinctively drawn to 
vocal sounds, spoken as well as sung, as 
speech carries more than enough spectral 
information to be identified (Shannon et 
al., 1995). Furthermore, human hearing is 
the most sensitive in the midrange where 
the defining characteristics of speech reside 
(Fletcher & Munson, 1933; ISO 226:2003). 
Speech can also quite literally voice inter- 
actions, and people tend to project expec-
tations of human behavior onto voice user 
interfaces or the associated product; this 
tendency affects the user experience for 
better or worse (Nykänen et al., 2016). 

Unlike abstract sound, there is a 
direct association between a spoken word 
and its referent. Such explicitness makes 

Earcons use abstract, 
melodic tones to denote 
their meaning to users; 
a start-up event can e.g. 
be signaled by a quick 
succession of three 
ascending tones.
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speech capable of conveying complex in-
formation auditorily to users (Frimalm 
et al., 2014). Speech signals are easy to 
learn and understand (Edworthy, 2017). 
Explicit verbal information can be suitable 
during high or stressful workloads where 
operators may forget or confuse encoded 
sound (Deatherage, 1972). There is however 
a trade-off to consider for designers: while 
speech is informative and explicit it can 
also be intrusive and take time to play 
out, whereas non-speech sounds can be 
more time efficient but must be decoded 
(Freeman et al., 2017; Jeon, 2010; Hoggan & 
Brewster, 2012). 

Speech is not always literal; it can be 
abstract in cases of languages unfamiliar 
to the user, as only the melodic structure 
is left to interpret (Meng & Spence, 2015). 
Another disadvantage with speech is that 
it easily interferes or masks other verbal 
communication (Edworthy, 2017; Frimalm 
et al., 2014; Mohebbi et al., 2009). Speech 
may not always be appropriate to use 
for privacy reasons, such as in hospitals 
(Edworthy, 2017). Our sensitiveness to 
speech can also render annoyance, as 
observed with repetitive and prolonged 
speech feedback (Jeon, 2010; Nykänen et 
al., 2016).

Text-To-Speech (TTS) is commonly 
used in products for speech signals, and 
it is a technology that synthesizes speech 
from text input (Amazon Web Services, 
n.d.). TTS provides a highly flexible and 
affordable alternative to recording real 
voice-overs. While striving to be as natural 
as possible, there is still a certain robotic 
cadence and timbre to synthesized speech 
such as TTS. Such robotic characteristics 
may well be preferred by users, from an 
ethical standpoint, as synthesized speech 
accentuates the notion that the message 
is coming from a machine and not from a 
human in the environment (Baber, 1991).

A sense of urgency can be conveyed 

with speech. Baldwin and Moore (2002) 
found that “Danger!” was rated as the most 
urgent word, and more so than “Warning!” 
and “Caution!” which in turn were rated as 
more urgent than “Notice!”. Baldwin (2011) 
later showed that people respond quicker 
to urgent words and louder signals. The 
speaking style and acoustics of the voice 
also influence its meaning, where urgently 
uttered warnings elicit higher urgency 
ratings (Hellier et al., 2002; Edworthy et 
al., 2003). Female voices have been shown 
to elicit higher perceived urgency ratings 
for speech warnings and span a wider range 
in the urgency ratings compared to male 
voices (Hellier et al., 2002).

Speech can in and of itself deliver  
spatial information—“left!” or “to the right!” 

and the like. Verbal directional warnings 
used in car interfaces can effectively re-
orient a driver’s attention and elicit faster 
response times (Chang et al., 2008). In 
a driving collision scenario, Ho and 
Spence (2005) found that response times 
to critical events became faster when 
the verbal speech warning was also pre-
sented from the corresponding direction, 
which was either front or back. Serrano 
et al. (2011) made similar findings where 
spatial and corresponding verbal warnings 
elicited faster reactions in hazardous and 
bidirectional scenarios (either left or right).

Verbal warnings to 
critical events are more 
effective when they 
are presented from the 
same direction they are 
denoting (Ho & Spence, 
2005; Serrano et al., 
2011).
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3.10.5 Emotional sounds

Emotion is a call to action (Hillman & 
Pauletto, 2014). When we hear a sound, we 
naturally have a behavioral or associative 
reaction to it (Figure 20). People tend to 
describe the aesthetics of sound when 
talking about its acoustics (Edworthy, 2017). 
The driving force behind behavior and 
action is affective reactions (Dewey, 1934; 
LeDoux, 2000) and sounds with intent,  
such as warnings, should therefore be 
designed to evoke an emotional reaction 
(Västfjäll et al., 2003). Larsson and Västfjäll 
(2013) consider emotions the human and 
natural alarm system from an evolutionary 
perspective; efficiently detecting threats 
gave a selective advantage to our human 
ancestors (James, 1950).

The negativity bias in psychology is 

likely an evolutionary outcome; people react 
more strongly to negative events compared 
to positive ones (Baumeister et al., 2001). 
Negativity bias is evident for sounds 
that appear to encroach our peripersonal 
space (see section 3.8). The amygdala—the 
warning central of the brain—is activated 
by threatening stimuli (LeDoux, 2000) 
and intensity-rising tones (Bach et al., 
2008). Threat detection appears to differ 
from conscious processing in that it arises 
rapidly and in parallel with other cognitive 
processes, as shown with visual stimuli 
in the ‘snake-in-the-grass’ experiment by 
Öhman et al. (2001).

Ho and Spence (2013) propose that 
future warning systems could effectively 
utilize aversive emotional states to trigger 
our defensive circuits and prime better 
performance in critical situations. The 
current body of research on emotional 

Figure 20: Humans have evolved to have a natural 
emotional response to certain types of sounds.
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responses to sound in driving interfaces, 
as well as assessments of auditory icons 
and earcons in general, is sparse (Ho & 
Spence, 2013; Sterkenburg et al., 2014). 
Van Steenbergen et al. (2011) report that 

threatening stimuli, via pictures, narrowed 
the spatial attention of participants; Ho 
and Spence (2013) extrapolate that warning 
signals eliciting aversive emotions in the 
driver are likely to be particularly effective 
at narrowing their attentional focus. 

Lowenstein et al. (1991) raise concerns 
that emotional stimuli may compete for 
control of cognitive resources, increase 
the workload, and thus interfere with the 
appropriate response. However, Yates et 
al. (2010) report that emotionally-charged 
disruptions via visual stimuli (threatening 
faces) had less of a degrading effect on 
performance during a classification task 
with high perceptual load compared to 
a similar task of low workload; Ho and 
Spence (2013) chalk this result up to the 
perceptual load theory (Lavie, 2005) which 
state that our mental capacity is limited, 
and the effects of any additional, inter- 
fering stimuli will thus be lessened during 
high workloads. Freezing behavior and 
incorrect responses are other concerns 
with the use of threatening and negatively 
arousing stimuli (Panksepp & Bernatsky, 
2002).

3.11 Tactile feedback

Our sense of touch is fundamentally 
pervasive to our everyday life. Yet it 
almost seems a bit neglected compared 
to the amount of daily visual interactive 
experiences. Indeed, the very keyboard 
typing this sentence provides a designed, 
haptic sensation in my everyday life. 
However, this sensation is not at the 
forefront of my conscious but rather the 
visually appearing letters on the computer 
screen are. The tactile feeling of typing is 
hardly put second in my mind either, as 
the reverberated tapping of keys composes 
my own personal, diegetic soundtrack. 
That said, more interactive uses of haptic 
sensations are among the forefronts of de-
sign and appear to be a promising field of 
study and practice.

The umbrella term for our sense of 
touch is called haptics; it encompasses the 
sensations elicited by pressure on the skin, 
temperature, pain, and vibration (McGlone 
& Spence, 2010). Haptics can be divided into 
two subcategories: kinesthetic sensations 
and tactile sensations (ISO 9241-910:2011). 
Our kinesthetic sense controls our body 
position, limb direction, joint angle and 
force production via signals to our muscles 
and tendons. Tactile sensations arise from 
the skin (Lederman & Klatzky, 1987). Along 
with sound design, this thesis will also  
delve into tactile design. Specifically, with 
regards to vibrotactile perception or in 
other words tactile sensations elicited by 
vibrations (MacLean et al. 2017).

3.11.1 Tactile sensitivity

Vibrations are most easily detected on 
bony skin and less so on the softer, fleshier 
regions of the body (Geldard, 1960). Hu-
man skin has a frequency range between 

Ho and Spence (2013) 
suggest that stimuli 
which put users in an 
aversive emotional 
state can be particularly 
effective at focusing 
their spatial attention in 
critical situations.
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10–400 Hz (Summers, Dixon, & Cooper, 
1994) where 250–300 Hz is the most 
sensitive region (Bolanowski et al., 1988). 
While Craig and Sherick (1982) found that 

a vibrotactile frequency of 250 Hz had finer 
spatial discrimination, Hawes et al. (2003) 
reported the same frequency used in a 
tactile headband display to be annoying 
and headache-inducing. Myles and Kalb 
(2010) show that vibrations above 150 Hz 
are not recommended as they become 
uncomfortable. De Jesus Oliveira et al. 
(2016) used a vibrotactile frequency of 150 
Hz in their study of vibrotactile stimuli 
around the head and reported a positive 
pleasantness rating. 

The skin on our head is known to be 
one of the most sensitive body regions to 
tactile stimuli (Rash et al., 2009). Myles and 
Kalb (2010) found the forehead, the temple, 
and the occipital regions, i.e. the lower back 
of the head, to be the most sensitive to 
vibrations. Myles et al. (2015) reported the 
effect of hair-density to skin sensitivity on 
head regions to be low. Similarly, de Jesus 
Oliveira et al. (2016) the effect of hair to 
be not as degrading as expected. A natural 
concern with tactile stimuli on the head 
is that it would be rather unpleasant and 
intrusive, but the positive pleasantness 
ratings of 150 Hz in the study of de Jesus 
Oliveira et al. (2016) disprove this notion. 

User context will also affect tactile 
perception; both in terms of body state, 
e.g. when running as opposed to sitting 

still, and in terms of cognitive load, 
e.g. when listening to music or driving 
(MacLean et al., 2017). Blum et al. (2015) 
found a negative correlation between a 
users’ motion and the likelihood of them 
noticing a vibrotactile notification when 
using a smartwatch. Karuei et al. (2011) 
proposed design guidelines with regards to 
user movement and cognitive load: higher 
vibrotactile intensities increases detection 
rate and reduces reaction times; walking 
can decrease detection rate and increase 
response time depending on the tactile 
location; visual load does not increase 
detection rate, but increase response times; 
multiple vibration locations can lead to 
surprises, leading to increased response 
times.

3.11.2 Tactile design

A vibrotactile actuator (tactor) is a device 
used to render the most familiar and 
synthetic kind of tactile feedback. Tactors 
have an optimum resonance frequency 
between 100–300 Hz depending on their 
hardware design (MacLean et al., 2017; 
Hoggan & Brewster, 2012). A common type 
of tactor is driven by audio signals, where 
synthesis or sampling is used to generate 
tactile feedback (e.g. Engineering Acoustics, 
n.d.). The tactile and auditory modality 
share many properties with each other (Von 
Békésy, 1957). Thus, an understanding of 
auditory parameters becomes of use to 
those designing vibrotactile sensations.

People’s ability to extract meaning 
from vibrotactile sensations is limited 
compared to the visual and auditory literacy 
embedded in culture (Meng & Spence, 
2015). Currently, it cannot be assumed that 
users will immediately understand more 
complex tactons without training (Hoggan 
et al., 2009). It is, then, important for 
tactile designers to find intuitive mappings 

A vibrotactile frequency 
of 150 Hz applied to 
the head gave positive 
ratings of pleasantness, 
unlike previous studies 
which used 250 Hz.
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and especially so if the signal is critical 
and rarely occurs. Common approaches  
to haptic design include musical and  
natural metaphors as well as using design 
conventions from other modalities (Van Erp 

& Spapé, 2003; Brown, Brewster, & Purchase, 
2006). MacLean et al. (2017) consider 
some types of vibrotactile feedback to be 
universally recognized in certain contexts, 
and other types to be dependent on the 
individual and their experiences.

People deploy schemas and fall back 
on personal experiences when faced with 
the unknown; to better understand the 
world around us we compare and categorize 
sensations to our already existing mental 
set of structures and ideas (Fagan, 2010; 
Seifi et al., 2015). MacLean and Seifi (2017) 
propose a framework consisting of four 
facets to better anticipate the individual 
factor in haptic design; each facet is a 
cognitive framework people use to make 
sense of haptic signals: sensory properties, 
emotional connotations, metaphors, and  
usage examples. People often describe 
abstract vibrotactile sensations using 
natural schemas, such as a cat purring, or 
in the type of emotions they evoke, like 
excitement, or how they functionally 
translate, e.g. perceiving something to be 

‘speeding up’ (MacLean et al., 2017). 
Tactons—or tactile icons—are abstract 

messages where vibrotactile parameters  

are manipulated to more meaningful and 
iconic ends (Hoggan & Brewster, 2007a). 
Tactons are the vibrotactile counterpart 
to auditory icons and earcons (Hoggan & 
Brewster, 2012). A hierarchical approach 
to tactons maps one type of information 
to a certain parameter; e.g. family-specific 
messages can be grouped to a specific 
rhythm (MacLean et al., 2017). In a 
metaphorical approach it is the wholeness 
of the sensation that denotes the meaning  
of the tacton and not the individual 
parameter values; emulating the iconic 
rhythm of a heartbeat, for example (Seifi et 
al., 2015).

One thing to keep in mind whenever 
evaluating tactile displays is the novelty 
factor that often comes with synthetic 
vibrations. Subjects tend to give more at-
tention to sensations that are unusual to 
them, and this novelty effect could possibly 
skew confined experiment results which 
in turn skewers the tactile displays’ actual 
performance in the intended and often 
non-attentive context (Haas & Van Erp, 
2014). Vibrotactile sensations have however 
become more commonplace with the use 
of smartphones, smartwatches, and media 
consoles (MacLean et al., 2017).

3.11.3 Tactile parameters

Synthetic vibrations usually only function 
to call for users’ attention (Freeman et al., 
2017). But, like sound, tactile sensations 
have dynamic properties which could be 
used to encode more complex messages. 
Main tactile parameters include intensity, 
frequency, rhythm, amplitude envelope, 
duration, waveform, and spatial location 
(Hoggan & Brewster, 2012) and are each 
described in Table 1. As with other aspects 
in haptic design, the magnitude of each 
parameter will vary depending on the 
hardware and the context.

People deploy schemas 
when faced with the 
unknown; it is common 
to use metaphors when 
trying to make sense 
of tactile sensations 
(MacLean & Seifi, 2017).
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Table 1. Tactile design parameters.

Intensity  » Hoggan and Brewster (2012) do not recommend using vibration in-
tensity to encode information, for the same reason using loudness in 
sound is not a viable design mapping; too strong vibrations are the 
likeliest to cause user annoyance, possibly even pain, and too weak  
of a signal is likely to go unnoticed. 

 » Discernibility is also a concern when using intensity as a parameter.  
For instance, three levels of amplitude to encode three different states is 
not preferable and could easily confuse users as people are not good at 
absolute judgments (Hoggan & Brewster, 2012).

 » The intensity parameter benefits from user customization, given people’s 
different sensitivities and preferences (MacLean et al., 2017).

Amplitude 
envelope

 » The ADSR envelope (Attack, Decay, Sustain, Release) common in sound 
design is also prevalent in tacton design, as a common type of vibro- 
tactile feedback is generated from auditory input. Envelope modulation 
expands the expressiveness of tactons beyond binary on-or-off signals 
and can be used to shape the vibration temporally.

 » Introducing an onset ramp to the signal could potentially emulate the 
tactile equivalent of a looming sound. However, Ho et al. (2013) reported 
that an onset ramp was solely not enough to elicit a looming sensation 
from a vibrotactile collision warning. 

Frequency  » The perceived frequency of vibration is affected by amplitude (Geldard, 
1957). Therefore, Hoggan and Brewster (2012) do not recommend 
frequency as an encoding design parameter, as our resolution of 
vibrotactile pitch is low. Frequency had a recognition rate of 81% in a 
study of tactile icons by Hoggan and Brewster (2007). 

 » Frequency is often a limiting design factor in terms of hardware, as  
tactors are optimized for a certain bandwidth (MacLean et al., 2017). 
Most tactors are designed to resonate at 250 Hz (e.g. the C-2 tactor by 
Engineering Acoustics). The skin is the most sensitive to vibrations of  
250 Hz; finer spatial acuity resides at this frequency (Bolanowski et al., 
1988; Craig & Sherick, 1982). 

 » Vibrotactile stimuli of 250 Hz can be annoying and induce headaches 
when applied to the head (Hawes et al., 2003; Myles & Kalb, 2015). 
A lower vibrotactile frequency of 150 Hz applied to the forehead, 
temple, and occipital regions scored positive pleasantness ratings 
(de Jesus Oliveira et al., 2016). Myles and Kalb (2015) found a 
significant relationship between increased vibrotactile frequency and 
perceived annoyance rating, where stimuli applied to the head around  
63 Hz and below were significantly less annoying than signals greater  
than or approximately equal to 160 Hz.
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Rhythm 
and tempo

 » Rhythm, the temporal pattern that strings multiple vibrations together, 
is well recognized; people seem to have a high temporal resolution for  
tactile sensations, where certain tempo and rhythms can easily be 
differentiated from other ones (Hoggan & Brewster, 2012). Brown et 
al. (2006) report recognition rates over 95% for rhythm. Performance 
increased to 99% in recognition accuracy with previous training, when 
testing a total of 24 tactile patterns (Lee & Starner, 2010). 

 » Summers (1992) translated speech into corresponding rhythmic vibro-
tactile patterns while also mimicking pitch and amplitude envelopes, 
and concluded that rhythm was of most value to users in terms of  
recognition.

 » Pulse rate—the tempo in which multiple signals are presented—is a 
tactile parameter useful for manipulating the urgency of a signal (Pratt 
et al., 2012). The faster something beats, the more we seem to attend 
to it; simple knocks on a door can tell a lot about someone’s mood, for  
example. An effect of acceleration or slowing down can be achieved if  
the tempo is modulated, which can be useful for expressing abstract 
concepts such as ‘speed up’ or ‘slow down’ (MacLean et al., 2017).

Duration  » The duration of vibrotactile feedback is important to consider—not 
too long and not too short. Signals under 100 ms can be annoying and  
might evoke the sensation of pokes (Gunther, Davenport, & O’Modhrain, 
2002). A maximum duration of approximately 200 ms has been recom-
mended in order to not cause annoyance (Kaaresoja & Linjama, 2005). 
Lewis et al. (2014) found that vibrotactile stimuli longer than 200 ms 
had little effect on ratings of perceived urgency and suggest that the  
most effective modulation of urgency occur at durations below 200 ms.

 » Pressure adaptation can occur at long vibrotactile durations, in which 
the saliency of the stimuli decreases over time (Van Erp & Self, 2008).  
This reductive sensory adaptation is important to keep in mind when 
sketching and designing tactons, just as hearing fatigue is for sound. 
Too long durations can also cause unpleasantness to the point of pain  
(Hoggan & Brewster, 2012).

Waveform 
and texture

 » The waveform used to generate the vibrotactile feedback can evoke a 
sense of tactile texture, similar to how the timbre of sound is correlated 
with sonic texture (Gunther et al., 2002; Hoggan & Brewster, 2007a). 
Most tactors are optimized for sine waves, but any waveform can be used 
(Hoggan & Brewster, 2012). The continuous tactile transition between 
smoothness and roughness is often made analogous to the auditory 
transition between a sine wave and pure noise (Rovan & Hayward, 2000).

 » A tactile parameter of ‘roughness’ can be evoked when amplitude modu-
lating (AM) a sine wave (Brown, Brewster, & Purchase, 2005). Hoggan 
& Brewster (2007) found, however, the use of different waveforms to be
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far more distinguishable as a ‘roughness’ parameter compared to AM 
which had a recognition rate of only 61%. People could reliably distin-
guish different waveform types (sine, square, or saw) at a recognition rate 
of 94% in the same study.

Spatial 
location

 » The location on the body where the vibrotactile stimuli will be received 
is important to consider (Hoggan & Brewster, 2012). A vibration cue on 
one side of the body will naturally shift attentional resources towards 
that direction while also, intuitively, direct visual attention to a space  
outside the body—‘exogenously’—such as towards a collision event (Ho 
et al., 2005; Kennett et al., 2002). The spatial direction of a vibration cue 
does not have to be learned in the same way the arbitrary meanings of 
rhythms or waveforms likely have to (MacLean et al., 2017). 

 » The context influences how the direction of vibrotactile feedback is 
perceived. In, say, a haptic seat for navigation, the vibrotactile direction 
is compatible with the response, i.e. the direction of a signaled turning 
cue is reflected in the stimulus (MacLean et al., 2017). But in a hazard-
preventing tactile display, such as a lane departure warning system, the 
intuitive interpretation of the spatial cue becomes different; drivers act 
counter to the direction of such warning signals and steer away from the 
signal direction, opposing the stimulus-response compatibility (Straughn 
et al., 2009; Campbell et al., 1996; Meng & Spence, 2015). Drivers may 
even, reflexively, overextend their counteractions to a dangerous extent  
in such cases (Deroo et al., 2012).

Multiple 
tactors

 » When two tactors are activated at the same time, people can perceive it as 
there only being one because of the way vibrotactile sensations propagate 
(Hoggan & Brewster, 2012). More dynamic spatial vibrotactile feedback 
can be attained with multiple tactors, either in a grid or an array. Schneider 
et al. (2015) designed a sense of tactile movement by assembling multiple 
tactors in a grid where each one weaved in and out of intensity. In such 

‘tactile animation,’ people fill in the sensory gaps between two tactors and 
perceive a more continuous sensation—analogous to how keyframing in 
visual animation works (Schneider et al., 2015).

 » Meng et al. (2014) found that dynamic ‘toward-torso’ cues, via multiple 
tactors on the upper body, were significantly more effective at priming 
drivers’ braking responses in a frontal collision scenario, compared to 
other types of tactile warning signals. Meng et al. (2014) also reported that 
a ‘looming’ sensation was only notably apparent when the distance to the 
collision vehicle was linked to the pulse rate of the vibrotactile stimuli.

There are three main tactile parameters particularly useful for manipulating the 
perceived urgency of vibrotactile feedback: intensity, pulse rate, and spatial location 
(Meng & Spence, 2015). These are described in Table 2.
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Table 2. Three tactile design parameters effective at modulating perceived urgency.

Intensity  » A higher vibrotactile intensity translates to higher levels of perceived 
urgency (Meng & Spence, 2015; Brown et al. 2005); the same is 
also true for a higher vibrotactile pitch (MacLean et al., 2017).  
This is comparable to how an increased loudness and a higher funda-
mental frequency correlate with increased perceived urgency in the 
auditory modality (Edworthy et al., 1991; Haas & Edworthy, 1996).

Pulse rate  » A higher pulse rate, or a shorter interpulse interval, has been shown to 
increase perceived urgency for vibrotactile stimuli while also having 
less impact on perceived annoyance (Baldwin & Lewis, 2014; Pratt et al., 
2012). The inherent urgency of a fast pulse rate makes it a useful design 
parameter, both for tactile and auditory stimuli. The urgency–annoyance 
trade-off for pulse rate is not as positively correlated as it is for in- 
creases in amplitude or pitch (Marshall et al., 2007; Pratt et al., 2012). 
Pulse rate can be used to convey a sense of ‘proximity’ as shown in the 
application of tactile navigation displays (Van Erp & Van Veen, 2004).

Spatial 
location

 » The third important parameter for manipulating urgency is the spatial 
location of the vibrotactile feedback (Meng & Spence, 2015). Vibrotactile 
stimuli received closer to the shoulders via a ‘tactile vest’ were perceived 
as more urgent than those in the middle of the back or close to the waist 
(Li & Burns, 2003). It appears that no study, so far, has investigated and 
compared the perceived urgency for tactile displays applied on the head.

3.11.4 Pros and cons of vibrotactile feedback

Some types of modalities and feedback are more appropriate than others in 
certain contexts. A summary of benefits to vibrotactile stimuli is presented in 
Table 3. 

Table 3. A summary of relevant benefits to using vibrotactile stimuli.

Touch is 
omnidirectional

 + Like hearing, touch is omnidirectional; the skin is always ready to 
receive stimuli (Meng & Spence, 2015). Unlike our eyes and vision, 
our skin does not have to be facing a certain direction in order to 
perceive tactile feedback (Ferris & Sarter, 2010). The user context 
determines the tactile availability; tactile interaction can in many 
cases be at designers’ disposal (Van Veen & Van Erp, 2000).

Faster responses  
to critical events

 + Vibrotactile warning signals can elicit faster response times to 
critical events, such as collision events, compared to visual and 
auditory warning signals (Prewett et al., 2012).
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Capture attention  + Non-directional vibrations capture a driver’s attention (Scott & 
Gray, 2008) and promote overall alertness (Meng & Spence, 2015; 
Haas & Van Erp, 2014).

Direct spatial 
attention

 + Other than capturing attention, directional vibrations can also 
shift a user’s spatial attention to a space or event outside their 
body—despite that vibrations are naturally presented in the user’s 
peripersonal space—and, in doing so, better facilitate the required 
user response (Meng & Spence, 2015: Ho, Tan, & Spence, 2005; 
Haas & Van Erp, 2014). For instance, redirect spatial attention 
towards a collision event in the case of driving contexts (Spence & 
Ho, 2008b; Rosli et al., 2011).

 + Exogenous orienting occurs when external stimuli in the 
environment command our awareness; endogenous orienting 
happens when people willfully redirect their spatial attention  
(Spence, 2010). Kennett, Spence, and Driver (2002) observed 
a short-lasting exogenous shift of spatial attention when they 
presented a tactile cue on either hand—left or right—which in 
turn primed a faster detection of visual targets on the side of the 
presented cue.

Effective during 
cognitive load

 + Tactile warning signals perform better during time-critical tasks 
and higher cognitive load compared to other unimodal stimuli 
(Elliott et al., 2009; Prewett et al., 2012). Mohebbi et al. (2009) 
compared collision warnings that were received while driving 
and talking on the phone, and found that tactile stimuli are 
still effective at moderate workloads while auditory stimuli are 
rendered completely ineffective; an experimental result in line 
with Wickens’ (2008) multiple resource theory, see section 3.12.

Less likely to 
be masked

 + Vibrotactile feedback is, naturally, less susceptible to busy 
environments where auditory masking is likely to occur, such 
as in traffic or when talking to someone (Spence & Ho, 2008c).  
Tactile masking can still happen depending on the activity, e.g. 
driving a car (Ryu et al., 2010) or biking in rough terrain.

Interrupt  
monotony

 + Tactile feedback may be the most effective at interrupting 
monotonous situations without being too intrusive and annoying 
(Lee et al., 2004; Spence & Driver, 1997) and especially if the 
feedback occurs rarely (Haas & Van Erp, 2014).

 + Tactile cues are more effective at signaling unexpected status 
changes compared to visual cues (Sklar & Sarter, 1999).
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Discrete 
notifications

 + Tactile feedback offers a discrete, ‘appropriately intrusive’ form 
of communication that can accommodate users’ preference or 
current social etiquette. However, the communicated information 
is often low-density as it cannot explicitly say the content of the 
message (Hoggan & Brewster, 2012; MacLean et al., 2017). 

Suitable for 
disposable 
messages

 + Simple vibrotactile stimuli are suitable for disposable kinds of 
messages that are not needed to be recalled later (Hoggan & 
Brewster, 2012). For instance, discrete guiding cues in the form 
of spatial directions (Gray et al., 2013) or notifications about an 
occupied user’s time awareness (Tam et al., 2013).

Less annoying  + Vibrotactile stimuli are more likely to be rated as less annoying 
and less intrusive compared to auditory and visual counterparts 
(Meng & Spence, 2015; Lee et al., 2004).

A summary of drawbacks to using vibrotactile stimuli is presented in Table 4.

Table 4. A summary of relevant drawbacks to using vibrotactile stimuli.

Requires available 
contact surfaces

 − Tactors require a contact surface on the body. This constraint can 
degrade effectiveness and saliency of vibrations in contexts where 
users must wear thicker clothes, e.g. when driving in the winter 
(MacLean et al., 2017; Spence & Ho, 2008a). 

 − Tactile design is regarded as underutilized in driving applications 
(Meng & Spence, 2015). The realistic—or modest—assumption 
by designers and researchers is that people will not be bothered 
to take an external device with them into their car; the contact 
surface for tactile displays has to already be inside the vehicle,  
e.g. on the seat or the steering wheel (Spence & Ho, 2008a).

Variation in 
tactile sensitivity

 − Our tactile sensibilities and preferences vary on an individual  
level due to genetics and our personal experiences (Goldreich 
& Kanics, 2003; Stevens & Choo, 1996). MacLean et al. (2017)  
hence emphasize the need for user customization in haptic de-
sign as well as a focus on subjective, qualitative data.

Lower acuity at 
higher workloads

 − Our tactile resolution is less nuanced during high cognitive load; 
humans can distinguish more variations in tactile stimuli while 
sitting still at a desk than while driving (MacLean et al., 2017).
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Potentially 
suppressed  
during higher 
workloads

 − Tactile stimuli could potentially be suppressed by demanding 
workloads, as per perceptual load theory (Lavie, 2005) which 
presumes attentional resources to be limited. Meng and Spence 
(2015) bring up concerns with regards to tactile displays in  
traffic environments where the cognitive load, particularly the 
visual one, often can be high. 

 − The across-the-board limited view on cognitive capacity of per-
ceptual load theory (Lavie, 2005) stands somewhat, but not 
entirely, in conflict with multiple resource theory (Wickens, 2008) 
which suggests that attentional resources are modality-specific. 
Academic literature is still divided about the two frameworks 
according to the meta-analysis of Murphy et al. (2016). Prewett 
et al. (2012) found in their meta-analysis of user interfaces that 
vibrotactile direction cues were more effective than visual ones at 
higher workloads, giving credence to multiple resource theory.

Meaningful 
vibrations are 
novelty

 − Nuanced vibrations are novelty, unlike the normative, on-or-off 
type of vibrotactile feedback we are used to from smartphones 
(MacLean et al., 2017). Chang et al. (2011) compared vibrotactile 
navigation cues from a haptic seat to auditory verbal cues and 
found that drivers were less satisfied with the vibration cues; the 
researchers attributed this subjective rating to norms and users 
being unfamiliar with a vibrotactile navigation system. People’s 
shared understanding of a common vibrotactile vocabulary is 
far less developed compared to those in visual and even auditory 
design (Meng & Spence, 2015; MacLean et al., 2017).

Meaningful 
vibrations likely 
require learning

 − Synthesized vibrations tend to be an abstract sensation, and thus 
their meaning has to be mapped like a symbol or icon which 
requires training (MacLean et al. 2017; Hoggan & Brewster, 
2012). Vibrotactile stimuli are, as such, not suitable for complex 
messages (Lu et al., 2011). However, a longitudinal study showed 
that users can learn up to ~50 pairs of abstract haptic icons with 
some practice, but the performance and learning rate of doing so 
varied greatly between individuals (Swerdfeger, 2009).

Inattentional 
numbness

 − Meng and Spence (2015) believe that the visual and auditory 
phenomena of inattentional blindness and respectively deafness 
may also apply to tactile stimuli: people can miss a visual or 
auditory stimuli when their attention is already concentrating on 
another stimulus in the same modality; a phenomenon further 
induced by cognitive load (Fougnie & Marois, 2007; Macdonald 
& Lavie, 2011). Therefore, Meng and Spence (2015) raise concerns 
about inattentional numbness in tactile displays for vehicles, as it 
might occur due to the high workload of being in traffic.
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Tactile masking  
and kinesthetic 
masking

 − Tactile masking, like auditory masking, occurs when a stronger 
tactile sensation, such as from bumpy terrain, attenuates the 
perceived intensity of other tactile stimuli, such from a text 
notification (Ryu et al., 2010).

 − Simultaneous body movement, i.e. kinesthetic masking, can 
affect and suppress the perception of tactile stimuli. For example, 
turning a steering wheel (Gallace et al., 2010) and accelerated 
body movement in general (Blum et al., 2015; Karuei et al., 2011).

Not as effective 
for extremely 
urgent signals

 − While vibrotactile warning signals can elicit faster response times, 
they are not suitable for extremely urgent signals; the salience of 
loud auditory signals is more effective for such purposes according 
to the meta-analysis of Lu et al. (2011) comparing the two.

3.12 Multimodal 
feedback

There is an emerging body of research in 
design where multisensory experiences, 
outside of solely visual ones, are explored. 
These multimodal interfaces can be ap-
plied in a variety of activities: driving, 
aviation, the military, medicine, and sports 
for example (Gray et al., 2013). Granted, 
the reason for vision being the norm in 
display-driven technology is that humans 
are inherently visual beings (Calvert et 
al., 2004). There are, nevertheless, many 
modern environments in which other mo-
dalities could prove to be more useful for 
interaction. Multimodal interfaces can 
reduce cognitive load and make human–
computer interactions more natural and 
intuitive when used effectively (Gray et al., 
2013; Haas & Van Erp, 2014).

Multimodal interaction refers to 
human–machine interfaces that utilize at 
least two sensory systems or modalities 
(Gray et al., 2013). One approach is to have 
each modality deliver separate types of 
information to the user (Hoggan & Brewster, 
2012). Another approach is to have one 

or more modalities complement and re-
inforce the primary modality (MacLean et 
al., 2017). Crossmodal design, as related 
to multimodal design, is when different 
modalities are designed to be able to 
provide the same information in either 
modality (Hoggan & Brewster, 2007b).

3.12.1 Human factors

Multiple resource theory (MRT) by Wickens 
(2008) is one of the prevalent theoretical 
frameworks in multimodal design: tasks 
can be performed better and cognitively 
more at ease when they are distributed 
across modalities (Freeman et al., 2017). 
By distributing stimuli across the senses 
can multimodal design potentially avoid 
overloading attentional resources in one 
specific modality lane, and thereby let 
users be able to manage more complex 
actions or environments more effortlessly. 
To exemplify: auditory navigation cues 
when driving are—according to MRT—less 
demanding than visual instructions on a 
display, as sound does not compete with 
attention on the road (Freeman et al., 2017). 
The ‘modality-specific’ idea of MRT is 
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illustrated in Figure 21. 
It has been estimated that people 

identify 95% of the received information 
visually when driving (Shinar & Schieber, 
1991). Bicycling has been reported by one 
study to be more visually demanding than 
driving (Mäkela et. al, 2015). It is therefore 
recommended by some vehicular design  
researchers that visual cues should be 
avoided, as they compete for access to 
visual resources (Scott & Gray, 2008; Meng 
& Spence, 2017). Further, there is evidence 
to suggest that multimodal displays per-
form better during higher workloads and 
in critical situations compared to unimo-
dal warning displays, giving credibility to 

multiple resource theory (Gray et al., 2013; 
Haas & Van Arp, 2014).

Perceptual load theory (Lavie, 2005) 
suggests that our cognition has a limited 
amount of attentional resources regard-
less of modality distribution, in contrast 
to MRT. Researchers are therefore con- 
cerned if the high workload in complex 
environments, such as traffic, will impe-
de the effects any additional auditory or 
vibrotactile stimuli (Meng & Spence, 2015). 
A human factor relevant for multimodal 
displays in environments of high visual 
load, such as traffic, is the Colavita visual 
dominance effect, in which visual targets  
take perceptual precedence over simul-

Multiple resource theory
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Figure 21: Attentional resources modeled as 
modality-specific (Wickens, 2008).

Note: the box sizes represent 
neither the total amount nor 
the dominance of modalities. 
If that were the case, the size 
of the visual box would need 
to  be much larger compared 
to other ones and the senses 
of smell and proprioception 
would also have to be added 
to the dimension of modalities 
(Hancock et al., 2007).
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taneously presented auditory warnings 
(Macdonald & Lavie, 2011). Another human 
factor is the ventriloquist effect, in which 
visual targets attract a simultaneously pre-
sented auditory stimulus despite not even 
being spatially congruent (Chan & Chan, 
2006; Ngo & Spence, 2010).

While attentional processing may 
be modality-specific, the various sensory 
processes forming our perception of the 
world are highly intertwined. Multisensory 
integration can create sensations stronger 

than the sum of their individual parts 
(Oviatt, 2017) and the phenomenon of  
superadditivity has been observed on a 
neurological level (Holmes & Spence, 
2005). However, Gray et al. (2013) stress  
that predicting the response to multisens-
ory signals becomes much more complex 
in real-world environments. The potential, 
additive upshots depend on what stimuli 
are presented together (Ross et al., 2007) 
as well as in what context and for what task 
(Sinnett et al., 2008).

A potent sensory interaction is the one 
between sound and touch. Auditory and 
tactile perception share many properties 
with each other and can work well together 
(Von Békésky, 1957). Our consistent use 
of tactile descriptions for sound—like 
rough, sharp, and warm—suggests more 
than an external connection between the 
two modalities (Gunther & O’Modhrain, 

2003; Eitan & Rothschild, 2011). In fact, 
combinations of auditory and tactile sti-
muli elicit an additive response in the 
brain stronger than the sum of respective 
unimodal ones (Foxe et al., 2002). At-
tending to auditory stimuli affects early 
processing of tactile stimuli, and vice versa 
(Hötting et al. 2003). This cognitive link is 
apparent perceptually too, as simultaneous 
vibrotactile stimuli facilitate hearing and 
vice versa (Schürmann et al., 2006; Guest et 
al. 2002).

3.12.2 Amodal properties

Sensory attributes that can communicate 
comparable information across modalities 
are considered amodal (Mendelson, 1979). 
Frequency, intensity, duration, rhythm, 
pulse rate, texture, and spatial location 
are amodal properties of auditory and 
tactile sensations (Freeman et al., 2017). 
Crossmodal design is using amodal char-
acteristics in one modality to transform 
and translate stimuli correspondingly into 
another modality, offering presentation 
flexibility or redundancy reinforcement 
when used together (Hoggan & Brewster, 
2012). Amodal properties are useful in 
multimodal design to create a congruent 
combination of stimuli (Freeman et al., 
2017).

Timbre is what gives sound its ‘sound.’ 
In basic synthesis, timbre stems from 
the waveform. Vibrotactile roughness 
has been found to perceptually correlate 
with auditory timbre (Hoggan & Brewster, 
2007a). Different waveforms and amplitude 
modulated sine waves have been used 
to design a parameter of ‘roughness’ in 
previous tactile research. That said, tactors 
have limited capabilities and vibrotactile 
stimuli have a lesser shared vocabulary 
in our culture; vibrotactile sensations do 
not have the evocative range to the same 

Combinations of 
auditory and tactile 
stimuli elicit an additive 
response in the brain 
stronger than the sum 
of respective unimodal 
ones (Foxe et al., 2002). 
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extent as sound does with speech and 
auditory icons (Haas & Van Erp, 2014). 
Suitable design parameters for crossmodal 
audiotactile interaction are spatial location, 
rhythm, and texture (Hoggan & Brewster, 
2012).

Rhythm is a useful amodal property of 
auditory and tactile sensations. Summers 
(1992) designed vibrations to mimic 
speech patterns for a tactile hearing aid. 
Amplitude, frequency, and rhythm were 
used to crossmodally encode the speech 
information; rhythm was rated to be of 
most value to users. Salminen et al. (2012) 
investigated the emotional effects of a 
similar crossmodal design and found that 
audiotactile speech was rated as more 
arousing and dominant compared to only 
speech. Politis et al. (2014a) designed 
multimodal warning signals using speech 
and vibrations; they were rated as more 
urgent, more annoying, and more effective 
than their unimodal counterparts. When 
the designed vibrotactile warnings were 
presented without their corresponding 
audio, recognition rates varied between 50–
80% (Politis et al., 2014a).

3.12.3 Multimodal design

Multisensory signals benefit from having 
perceptually similar characteristics, i.e. 
being congruent temporally, spatially, and 
semantically. Confusion, degradation in 
performance, and bad user experience 
may otherwise ensue if conflicting stimuli 
are presented simultaneously (Freeman et 
al., 2017; Haas & Van Erp, 2014; Hoggan & 
Brewster, 2012). In multimodal applications 
of directional cues, it is crucial to minimize 
spatial incongruity by delivering stimuli 
from the same direction in order to gain 
the desired increase in attention-capture 
performance (Gray et al., 2013). Genell and 
Västfjäll (2007) theorize that if auditory 

and tactile stimuli are mismatched, the 
attentive focus will primarily focus on the 
dominant stressor due to limited resources 
as per perceptual load theory (Lavie, 2005).

Multimodal displays should: exploit 
natural mappings; be clearly discernible 
from the environment; not increase 
cognitive load; work in parallel with the 
environment without requiring focused 

visual attention and thereby risking losing 
track of the ongoing task; only present the 
information necessary and that is currently 
manageable by the user (Haas & Van Erp, 
2014). A common approach to non-visual 
stimuli is to have notifications with low 
information-density, e.g. a vibrotactile buzz, 
redirect attention to an information-dense 
modality, like a visual display, where more 
details are available (MacLean et al., 2017). 
Adding sound to a multimodal or tactile 
display when the urgency of the situation 
requires it has also been suggested (Hoggan 
et al., 2009).

As for adding vibrations to a product 
with sound, Genell and Västfjäll (2007) 
found that added vibrations to the steering 
column in a ‘noisy’ truck cabin environment 
gave higher ratings of annoyance and less-
er ratings of product sound quality; but 
the same study also showed an increased 
rating of powerfulness which, in certain 
product contexts, is a desired characteristic 
of quality. Salminen et al. (2012) designed 
vibrations for in a mobile phone-sized device 

Multisensory signals 
benefit from being 
designed congruent 
temporally, spatially, 
and semantically 
(Gray et al., 2013).
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by mimicking the amplitude of emotional 
speech messages, and the combined audio-
tactile stimuli elicited higher arousal and 
dominance ratings. Paredes et al. (2015) 
found that the combination of auditory 
and tactile stimuli delivered on the wrist 
was only pleasurable when the two were 
perceived to be matching semantically; 
sound was deemed better at conveying 
emotion, while tactile stimuli were more 
associated with arousal and stress.

Ferris and Sarter (2011) devised a 
vibrotactile display for anesthesiologists 
which either used continuous or event-
based stimuli to communicate information 
about a patient’s health; it was found that 
during low workloads, users were more 
effective at anticipating changes in state 
with continuous warning signals than with 
event-based warning signals. At conditions 
of high workload, however, continuous 
stimuli tended to be ignored and the critical, 
event-based warning signals performed 
better (Ferris & Sarter, 2011). Adaptive 
multimodal systems have therefore been 
proposed but not yet researched, because 
of how the workload of users can change 
in complex environments and how the 
preferred modalities for interaction may 
change with the workload (Gray et al., 2013). 

3.12.4 Urgency design

All given events in an environment will 
neither be of equal importance nor time-
criticality to users. Hence, an appropriate 
number of urgency levels need to be 
designed for more user-friendly interfaces 
(Politis et al., 2013). Three discernable 
levels of urgency have been suggested as 
the appropriate number in previous re-
search (e.g. Politis et al., 2013; Politis et al., 
2014b; Kaufman et al., 2008). A harmonic 
match is required between the designed 
urgency of the multimodal stimuli and the 

actual urgency of the situation; urgency 
mismatches can lead to user annoyance in 
cases of disproportionately high intensi-
ties and, conversely, to accidents in cases 

of underestimated threat level (Haas & 
Van Erp, 2014). Designers are faced with 
balancing the urgency–annoyance relation-
ship against user acceptance (Freeman et 
al., 2017; Politis et al., 2015a).

One way to manipulate the perceived 
urgency in multimodal displays is to keep 
low-urgency notifications unimodal, e.g. 
vibrations only, and have more critical 
signals reinforced by adding in another 
modality, such as sound and vibrations 
(Freeman et al., 2017; Hoggan et al., 2009). 
The amodal property pulse rate—blinking 
visuals, pulsing vibrations, and repeating 
sound—can efficiently be used to increase 
the perceived urgency level (Politis et al., 
2013; Baldwin et al., 2012; Van Erp et al., 
2015). Multimodal warning signals in a 
driving simulation had quicker and more 
accurate recognition times as well as high-
er ratings of perceived urgency, but were 
also rated as more annoying compared 
to unimodal signals (Politis et al., 2013). 
Moreover, multimodal warning signals 
designed to elicit high urgency ratings 
elicited faster response times in critical 
driving scenarios (Politis et al., 2013, 2014b). 

The urgency design 
of multimodal stimuli 
needs to match the 
perceived urgency of 
the referred event; user 
confusion, annoyance, 
or—even worse—harm 
may ensue otherwise.
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3.12.5 Capturing and 
reorienting attention

There are different ways to efficiently re-
orient spatial attention and elicit proper 
user responses in multimodal systems. One 
approach is by attentional enhancement 
of the perceived target stimulus, priming 
users to act faster and more accurately 
(Gray et al., 2013). For example, a spatial 
tactile cue redirecting attentional resources 
exogenously to a possible collision event 
(Kennett et al., 2002). Another approach 
is priming an involuntary behavioral re-
sponse, as there might be specific links 
between certain warning signals and user 
actions (Gray et al., 2013). 

Ho and Spence (2009) studied peri-
personal and behavioral warning signals 
for drivers; auditory stimuli located 40 
cm behind the driver’s head resulted in a 
significant performance gain compared to 
traditionally designed vibrotactile, visual, 
and auditory warnings. Such reactionary, 
involuntary responses do however come 
with a speed–accuracy trade-off: behavioral 
responses to a critical situation may be 
quicker but come at the price of less 
accuracy (Gray et al 2013; Spence & Driver, 
1997). In other words, warning stimuli 
evoking an involuntary, rapid head-turn 
and gaze-shift does so without the user 
necessarily considering the best course of 
action, which in complex environments 
could be dangerous.

3.12.6 Pros and cons of multimodal displays

A summary of benefits to multimodal displays is presented in Table 5.

Table 5. A summary of relevant benefits to multimodal stimuli.

Effective at 
capturing and 
reorienting  
attention

 + Multimodal warning signals are effective at capturing and 
redirecting attention outside the body, exogenously, to a critical 
event, such as a possible collision, and even at higher workloads 
(Gray et al, 2013; Politis et al 2015a, 2015b). This also applies to 
situations of monotony and when drivers are inactive or distract-
ed (Haas & Van Erp, 2014). Auditory and tactile signals are more 
effective at drawing crossmodal attention to spatial positions 
compared to visual cues (Haas & Van Erp, 2014).

More effective 
during higher 
workloads

 + During low perceptual load, the attention-capturing ability of 
multimodal signals may only equally effective as unimodal ones 
(Spence, 2010). But multimodal warning signals continue to be 
effective when an attention-demanding task is introduced, where 
the effect of unimodal signals dissipate (Santangelo & Spence, 
2007; Haas & Van Erp, 2014) given a congruent multisensory 
presentation (Ho, Santangelo, & Spence, 2009; Gray et al., 2013).

Effective against 
sensory loss

 + Our senses decline with age; there are neurological reasons to 
believe that multimodal interfaces will be particularly effective for 
older people (Laurienti et al., 2006).
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Flexibility  + Multimodal design allows for an appropriate choice of modality 
given the event and context, e.g. during high workloads or when 
privacy is preferred (Freeman et al., 2017). 

Faster response 
times and higher 
urgency ratings

 + Multimodal warning signals reach higher ratings of perceived 
urgency (Politis et al., 2013). Both unimodal and multimodal 
studies of warning signals suggest that higher levels of urgency 
elicit faster response times and more accurately so (Suied et al., 
2008; Baldwin, 2011; Politis et al., 2013). Multimodal and bimodal 
warning signals yield faster response times in critical situations 
of high urgency compared to unimodal ones (Politis et al., 2014b; 
Politis et al., 2015a, 2015b).

Reduce visual 
overload

 + Tactile displays, auditory displays, or a combination of the two 
in multimodal displays offer alternative ways of interaction in 
environments of high visual load, e.g. in poor lighting or visual 
clutter as in the case of traffic (Haas & Van Erp, 2014).

Resistant to 
masking via 
redundancy

 + Multimodal signals can provide signal redundancy to avoid sen-
sory masking in busy environments such as traffic (Haas & Van 
Erp, 2014). Unimodal signals risk being masked by competing or 
subduing stimuli: e.g. loud background noises, concurrent phone 
conversations, or thick clothing (Gray et al., 2013).

Additive 
multisensory 
integration

 + Our senses interact with themselves; vibrations affect our per-
ception of sound and vice versa (Schürmann et al., 2006; Guest, 
Catmur, Lloyd, & Spence, 2002). Multimodality can, as such, be 
a powerful tool for designers but also one to their demise if not  
applied carefully. When vibrations were added to a vehicle 
sound, Genell and Västfjäll (2007) reported an increased rating  
of perceived ‘powerfulness’—for some a desirable product trait—
but at the cost of an increased annoyance rating as well.

A summary of drawbacks to multimodal displays is presented in Table 6.

Table 6. A summary of relevant drawbacks to multimodal stimuli.

Lack of  
meaningful 
conventions

 − Auditory and especially tactile icons are novelty to most people and 
interpreting such abstract sensations require training. It is unlikely 
to assume that a steep learning curve for multimodal systems is 
going to be accepted by users and adopted in practice (Gray et 
al., 2013; MacLean et al., 2017). Furthermore, there is a lack of 
empirical data on how we interpret the abstract of multimodal, 
tactile, and auditory icons (Gray et al., 2013; Freeman et al., 2017).



72 Chapter 3—Theory

Requires 
congruence

 − Incongruent meaning-mapping or inappropriate use of multiple 
modalities lead to confusion and higher cognitive loads for the 
user (Spence, Nicholls, & Driver, 2001). Predicting the additive 
or sub-additive effects of multimodal interfaces is complex and 
depends on the usage context as well as the congruence of the 
stimuli (Gray et al., 2013). 

 − A negative performance effect may occur in cases of sensory 
mismatch; conflicting multisensory stimuli may perform worse 
than traditional, unimodal warning signals (Gray et al., 2013). 
The presentation of simultaneous visual and auditory cues led 
to degradation in performance for senior drivers, whereas the 
combination of auditory and tactile cues led to enhancement 
(Lees et al., 2012).

Negative 
multisensory 
integration

 − The spatial ventriloquist effect occurs when visual targets uninten-
tionally attract a concurrent auditory stimulus despite not being 
spatially congruent (Chan & Chan, 2006; Ngo & Spence, 2010). 
Similarly, the temporal ventriloquist effect occurs when an earlier, 
asynchronous visual input fuses into temporal alignment with a 
subsequent auditory input (Morein-Zamir et al., 2003).

 − In traffic, visual targets constantly weave in and out of a road 
user’s perception. However, if an auditory cue meant to redirect 
spatial attention towards possible danger was to coincide with 
an unrelated visual event, the temporal synchrony of the two 
events might lead to the perceived location of the danger being 

‘ventriloquized’ toward that of the visual event (Gray et al., 2013).

Modality-shifting 
may degrade 
performance

 − A degrading ‘modality-shifting cost’ may occur in multimodal 
interfaces where, depending on the modality of the primary task, 
attending to stimuli in another modality might slow down the 
response times of users (Sarter, 2006). It is particularly costly to 
switch from rare events in the tactile modality to more common 
events in the visual or auditory modality (Haas & Van Erp, 2014).

Must be effortless 
and justify gains

 − A concern for multimodal systems regards the user acceptance 
of them; whether the application context allows for external 
or naturally placed multimodal devices, and if the increase in 
user performance can justify the possible inconvenience of the 
multimodal device (Spence & Ho, 2008a; Freeman et al., 2017).
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Lack of ecological 
validity

 − Multimodal displays have so far been mostly studied in lab 
environments where stimuli are repeated under controlled 
conditions and learning effects may develop. There is a lack of 
research in real-world environments, and Gray et al. (2013) raise 
the concern if the multimodal performance gains are greater or 
lesser in scenarios of warning rarity and irregularity, such as in 
traffic.

Lack of highly 
experienced test 
subjects

 − Gray et al. (2013) point out how multimodal studies are often 
carried out on relatively inexperienced operators. Are multimodal 
interfaces of any use to highly experienced operators, who over 
the years have internalized cognitive techniques to handle higher 
workloads? For instance, experienced adult drivers can anticipate 
hazards better than novice adult drivers (Scialfa et al., 2012).

3.13 Cooperative 
intelligent traffic 
systems (C-ITS)

There has been a tremendous amount of 
technological development in the transport 
and automotive industry over the past 20 
years. Indeed, futuristic self-driving cars 
seem to be the natural topic of discussion 
after such a conversation starter. But there 
have also been advancements with regards 
to protective human–machine interfaces in 
cars. Advanced Driver Assistance Systems 
(ADAS) serve to minimize human error 
via safety features such as Autonomous 
Emergency Braking (AEB), Lane Departure 
Warning System (LDWS), and Collision 
Avoidance System (CAS).

While improved road safety is the 
end goal for ADAS, they primarily only 
communicate with drivers, or with other 
cars via vehicle-to-vehicle (V2V) networks.  
A relatively new safety communication is  
the one between vehicles and vulnerable 
road users (VRUs). The umbrella term for 
such safety systems is Cooperative Intel-
ligent Traffic Systems (C-ITS) and these per-

tain not only to vehicles but also VRUs as 
well as infrastructure (European Transport 
Safety Council, 2017). The focus of this 
thesis project is not the technicalities of 
such future systems, but rather on their 
subsequent, necessary aspects of human–
computer interaction. A basic introduction 
to C-ITS, and more specifically V2X, is 
therefore presented in this section.

3.13.1 Vehicle-to-everything 
(V2X)

C-ITS use wireless communication to 
inform its users of hazards and dangers. 
The vehicle-to-everything (V2X) protocol 
is a way for road users, vehicles, and 
infrastructure to exchange information 
(Figure 22). V2X is standardized as an 
extension of Wi-Fi as IEEE 802.11p, and 
broadcasts at a reserved frequency of 5.9 
GHz (ETSI, 2012). Two active V2X units 
will start to cyclically exchange information 
in each other’s vicinity, creating an ad-
hoc wireless network. Communication 
certificates for cyclists do not exist in the 
current V2X protocol—yet (Ruß et al., 
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2016). Bike-to-vehicle (B2V) is a term used 
by researchers to denote such wireless 
protection systems between drivers and 
cyclists (e.g. Silla et al., 2017).

Cooperative Awareness Messages 
(CAM) is the format shared cyclically 
between road users via the V2X-protocol; 
it contains information about reference 
position, speed, heading, and longitudinal 
acceleration. There is currently no CAM 
profile certified for cyclists (Ruß et al., 
2016). The Global Navigation Satellite 
System (GNNS) is used for positioning data; 
more refinement can be achieved using 
other sensor data, e.g. the wheel speed or 
complementary, roadside camera units 
(see Ruß et al., 2016). A dangerous use case 
occurs when two road users each have the 
green light, which happens at intersections 
with right-turns, and in such cases are the 
traffic light information (SPAT), blinker 
signal information (CAM), and topographic 
information (TOPO) messages useful 

variables in the collision avoidance system 
(Ruß et al., 2016).

A collision avoidance algorithm can 
calculate the time-to-collision (TTC) be-
tween two road users with data input 
from the V2X messages, essentially via an 
expression of the Distance-Velocity-Time 
formula (V = D/T) and the Pythagorean 
theorem (A2 + B2 = C2) based on an inter-
secting collision point (Baek et al., 2015; 
Ruß et al. 2016; Segata et al. 2017). The 
protection application will supposedly 
compare TTC to a given safety threshold, 
and eventually deploy the appropriate 
level of a warning signal to the user. 
Decentralized Environmental Notification 
Messages (DENM) is the message format 
for warning messages and can, for example, 
facilitate automatic emergency braking 
systems (AEB) in vehicles. 

Segata et al. (2017) used traffic simu-
lation software to examine the probability 
of collision between vehicles and cyclists 

Vehicles and
infrastructure

Cyclists

V2X-protocol
WiFi extension (IEEE 802.11p).

Figure 22: Vehicle-to-everything (V2X) is a standardized extension of Wi-Fi dedicated to ad-hoc wireless 
communication between road users (as well as infrastructure).
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in an intersection with parameters set 
intentionally dangerous; warning notifi-
cations sent between 14 and 21 m were 
shown to be of particular design interest in 
this study, as the probability for distances 
over 30 m yielded too uncertain collision 
conditions at which the simulated driver 
still had a large range of possible decisions. 
Segata et al. (2017) estimate a possible 
false alarm rate of 1 in 500 and raise design 
concerns regarding the balancing act be-
tween false positives and false negatives: 
a realistic product for human users cannot 
solely focus on maximizing safety outcomes 
but must also consider user acceptance and 
annoyance to be realistically viable. 

3.13.2 Feasibility and 
usefulness of C-ITS

Previous research on B2V, using mobile 
networks, have had issues with transfer 
speeds and precision (see section 2.5). Such 
technological issues may be answered 

by the promise of low-latency 5G mobile 
networks and, in the larger scheme of it 
all, the Internet of Things (Ardell, 2018). 
Koivisto et al. (2017) describe the impact of 
5G as a game changer for future societies 
and, among its many uses, a good fit for 

traffic applications seeing how its position 
accuracy can be as precise as below one 
meter, even if the user is moving. One use  
for 5G cellular links is vehicle-to-network 
(V2N) where cloud services are enabled  
to be part and parcel of the end-to-end 
interaction (5G Automotive Association, 
2016). Jutila et al. (2017) investigated de-
tection ranges for an IEEE 802.11p net-
work (V2X/Wi-Fi) set up between a car 
and bicycle; the researchers found that  

“... detection range is sufficient for most of the 
critical scenarios for a separate smartphone, 
e.g. installed on a bicycle frame” (p. 132).

Intelligent traffic systems can improve 
cyclist safety, according to the recent ana-
lysis of Silla et al. (2017) who estimated 
reduced cyclist fatalities to lie between 77 
to 286 per type of system annually in the 
EU-28, where blind spot detection systems 
for HGVs and automatic braking systems in 
vehicles are estimated to have the highest 
impact. The foresight by Silla et al. (2017) 
is more lukewarm for B2V communication 
in which warning signals are deployed to 
road users, i.e. the context of this thesis. 
Silla et al. (2017) remark on the import-
ance of a well-designed human–computer 
interface in terms of addressing the user 
rate, acceptance, trust, and over-reliance 
issues for such B2V solutions. Brell et al. 
(2018) surveyed people’s wants and needs 
for a hypothetical smartphone application 
for cyclists using V2X communication and 
found that the most wanted feature for  
users was low battery consumption; inter-
estingly, this wanted feature rated higher 
than the correctness of warning signals 
which came in second.

Vehicles and
infrastructure

Cyclists

V2X-protocol
WiFi extension (IEEE 802.11p).

Koivisto et al. (2017) 
consider the onset of 
5G networks a game 
changer in many facets 
of society; among 
them being more 
accurate and capable 
cooperative traffic 
safety systems.
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Things go in—things go out. Chapter four describes the methods and tools that were used 
in the process during each of the four project stages. It concludes with a method discussion 
about the design approach for the thesis project.

4.1 Project process

A designer’s process determines the qual- 
ity of their products (Dubberly, 2005). A 
process is simply a sequence of steps, 
converting input to output (Ulrich & 
Eppinger, 2016). While the specifics of 
a process varies, most suggest iteration 
and convergence at some point as well  
as include practical goals like reducing 
risk, setting expectations, and increasing 
repeatability (Dubberly, 2005). While a 
process can facilitate planning (Ulrich & 
Eppinger, 2016), its inherent black-box 
nature and fluidity cannot be neglected 

(Dubberly, 2005). Meaning, activities of 
previous stages can be revisited in sub-
sequent stages if a revelation inclines one 
to do so. Iteration within a process not  
only occurs on a within-stage level but  
also between them. 

The thesis process was divided into  
four stages: context immersion, ideation, 
concept development, and evaluation as  
well as an initial planning stage and un-
derpinning literature review. The project 
approach was rooted in design thinking, 
which Tim Brown (2009) succinctly de-
scribes as creating choices and then making 
choices; ideas are constantly explored and 
reduced, where the overall design space of 

Method
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possible solutions converge and become 
more detailed over time, graphically like 
a funnel (Cross, 2000; Buxton, 2007). The  
use of sequential stages was based on 
human-centered design frameworks by the 
likes of IDEO.org (2015) that iteratively 
apply this approach of divergence and con-
vergence. Figure 23 illustrates the design 
process for this thesis.

The initial context immersion stage 
gathered resources. The ideation stage 
aimed to create a quantitative and diverse 
range of ideas. The concept development 
stage refined said ideas by iterating and 
combining them more qualitatively. The 
evaluation stage assessed the resulting 
concepts. The concurrent literature review 
grounded each stage from a theoretical 
perspective; relevant areas of literature 
naturally opened up as different design 
paths were explored in the process. This 
project can be divided into two lanes: 
the generative design work itself and the 
consequent documentation of it.

4.2 Project plan

Karl Pilkington, a natural in lateral thin-
king, has humorously said: “You won’t get 
anything done by planning.” Technically, 
one would have to agree. But of course—
British wit aside—planning is indeed a 
crucial part of product development, as 
it helps define the goals and purpose of a 
project; with no planning there is also no  
way of knowing when something is sup-
posed to be done either (Wikberg-Nilsson, 
Ericson, & Törlind, 2013). Planning helps 
in tracking progress and knowing when to 
start activities (Ulrich & Eppinger, 2016).

A project timeline (Appendix A) was 
made to map out time frames for tasks  
and incremental goals for each process 
stage. A Gantt-chart, or timeline, is a tra-
ditional tool for mapping tasks relative  
to each other in time, but not their re-
spective dependencies (Ulrich & Eppinger, 
2016). Stage-gates in the form of bullet point 

Figure 23: The four design stages of the thesis process, with some being more iterative than others.
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deliverables were therefore added to the 
timeline. In product development, a stage-
gate is where certain prerequisites must be 
met in order for one to pass through to the 
next stage of activities (Cooper, 2008). 

4.3 Literature review

A literature review is a process of iteratively 
forming a perception of a subject by ana-
lyzing various relevant academic sources, 
such as published papers and books (Milton 
& Rodgers, 2013). Reviewing past and 
contemporary literature during this thesis 
project became more instrumental to the 
design process—but also more tedious and 
in-depth—than initially expected. 

Google Scholar was the main search 
engine used to return peer-reviewed, sci-
entific papers. Depending on the purpose 
of the search, keywords were either in 
general terms, e.g. ‘sound design,’ or more 
specific ones when needed, e.g. ‘loudness 
perception of rising tones.’ Searches with 
recent time frames were done to get the 
latest findings, seeing how much of design 
is dependent on the technology it currently 
is mediated with. 

Academic handbooks, such as the 
one edited by Oviatt et al. (2017) about 
multimodal design, were of much use; 
these feature chapters that are written 
by researchers knowledgeable in various 
fields and thereby provide an automatic 
source-filtering of central references and 
theory. A lot of warning design, including 
multimodal applications, have primarily 
been researched in the context of vehicles. 
While there is much research about traffic 
safety in terms of infrastructure and city 
planning with regards to cyclists, the body 
of HCI research with regards to collision 
avoidance systems for cyclists is somewhat 
sparse (see section 2.5).

4.4 Context immersion

Inevitably, designers will draw upon their 
own experiences and beliefs when de-
signing. To combat preconceptions about 
users or their context, it is recommended 
to start with a resource-gathering and im-
mersive stage, where the purpose simply 
is to observe, interact, and learn (Wikberg-
Nilsson et al., 2013; Rogers et al., 2015). 
Indeed, most of us have ridden a bicycle at 
some point in our lives, but nevertheless 
begs design thinking the questions: what 
is it like—really—to be a cyclist today and 
what types of cyclists are there, exactly?

Three common user-centered design 
methods were used during this stage: 
user survey, personas, and observations. 
However, the latter two were tweaked to 
fit the broad user group that is cyclists. 
Additionally, a fourth method called user 
stories was adapted from agile software 
development to manifest user goals and 
motivations. The literature review, while 
not entirely confined to this stage, gave 
great insight into the everday environment 
of cyclists, including its common dangers 
and accidents (see Chapter 2).

4.4.1 Questionnaire

Questionnaires and surveys are common 
methods for gauging user demographics 
and opinions (Rogers et al., 2015). However, 
what people say in surveys can often differ 
greatly from what they really do (Ulrich 
& Eppinger, 2016). User questionnaires 
provide answers by design, but not all of 
them; they are not reliable for discovering 
the underlying needs of people (Ulrich & 
Eppinger, 2016; Patnaik & Becker, 1999). 
Surveys can be useful for improving an 
already existing product, but not for coming 
up with completely new ones (Patnaik & 
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Becker, 1999). Indeed, the widespread—but 
also falsely-attributed (Vlaskovits, 2011)—
Henry Ford quote about people, cars, and 
‘faster horses’ springs to mind.

While more convenient and accessible 
than interviews in person, questionnaires 
should still be used in conjunction with 
other data collecting methods, such as 
observation (Rogers et al., 2015). General 
guidelines for surveys include: only ask 
for the relevant demographic information 
needed for ethical and practical reasons; 
the order of questions should be thought 
out purposefully; closed questions should 
account for all possible answers; online 
surveys should not be too extensive; and 
only take a couple of minutes to complete to 
ensure high response rates (Driscoll, 2011; 
Rogers et al., 2015; Ulrich & Eppinger, 2016).

A questionnaire was conducted at the 
beginning of the context immersion stage. 
Eleven questions, one of which was an age 
group demographic, were designed to be 
answered in approximately 5–7 minutes. 
The questionnaire, written in Swedish and 
had mostly surface-level questions: if they 
bicycle with any sort of headphones or not, 
and if so what they are listening to; if any 
particular equipment is used when bicycling; 
how safe they perceive themselves to be 
when bicycling; if they communicate with 
others in traffic using gestures; and if they 
would be positively set towards safety tech-
nology with cyclists in mind. The survey 
used a mix of demographic, close-ended, 
semantic differential, multiple choice, and 

Likert-type questions (e.g. Figure 24).
Google Forms was used to create and 

publish the web questionnaire. Responses 
were gathered via three outlets: a Swedish 
online forum about cyclings; emails to ran-
domly picked students at Luleå University 
of Technology; and a social media post. The 
survey was open for one week. The specific 
questionnaire, with highlighted results, is 
illustrated in Appendix B.

4.4.2 Video analysis

Information is, for better and worse, more 
accessible than ever thanks to the internet 
and modern technology. In the age of social 
media and the promise of connectivity, 
people—somewhat ironically—place and 
narrate themselves on separate stages in 
front of respective audiences who share 
their interests. These concentrated isles 
of interest can be used as resources by 
interaction designers; either from passive 
observation and pattern-seeking or via 
active participation such as crowdsourcing 
input (Rogers et al., 2015). Observations, 
in general, help designers understand 
the context, tasks, goals, behavior, and 
unspoken needs of users (Rogers et al., 
2015; Wikberg-Nilsson et al., 2013; Cooper 
et al., 2014).

The video-sharing website YouTube is 
a typical example of how people of today 
choose to narrate themselves and connect 
with others online. Video uploads of users 

How safe do you feel while bicycling in tra�c?Q6

Afraid Safe

1 2 3 4 5 6 7

Figure 24: A semantic dierential question asked participants to rate their perceived safety in traic as cyclists.
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sharing their cycling commutes—or traffic 
disputes—using mounted cameras from 
their point-of-view was used to gather 
naturalistic resources (Figure 25). The av-
ailable content on YouTube ranges from 
videos of stress-inducing, noisy traffic in  
big cities to uneventful commutes through 
bird-chirping, suburban landscapes and 
the variations thereof, during all seasons  
of the year. While this activity was tech-
nically not direct observation in the field, it 
still allowed for naturalistic observation of 
users in action, in traffic rather, and their 
interactions with others. 

Cyklistbloggen (n.d.) became the most 
prominent source; a channel that primarily 
uploads short, bite-sized videos highlight-
ing hazardous scenarios or problems with 
the cycling infrastructure in Stockholm city 
and its suburbs, as well as more positive 
aspects of cycling like the onset of spring  
and the consequent, subjectively pleasant 
sound of whizzing bike spokes. A focus on 

shorter and event-based videos allowed 
for a more concentrated analysis—albeit 
negatively skewed. Simply due to how the 
internet and people work, a ten-second 
clip of a cyclist crash will always draw 
more viewers than a 30-minute video of 
someone biking leisurely to work peacefully. 
While such negativity bias lends itself 
well for the purposes of this thesis, the 
sensational nature of user-driven, signal-
to-noise platforms such as YouTube was 
nevertheless acknowledged.

The method of simply watching a 
video was this: comments and thoughts 
that occurred during were written down 
haphazardly in a document, along with a 
link to the video and given a fitting title for 
revisiting later. A screen capture tool was 
additionally used to capture certain video 
frames and to underline what was pointed 
out. The comments and screenshots of the 
observed naturalistic cycling situations, 
often critical or hazardous, later became 

How safe do you feel while bicycling in tra�c?Q6

Afraid Safe

1 2 3 4 5 6 7

Figure 24: A semantic dierential question asked participants to rate their perceived safety in traic as cyclists.

1:07 / 4:02 1:14 / 1:38

1:27 / 2:31 0:18 / 0:55

0:28 / 3:04 0:48 / 1:22

Figure 25: Screenshots from point-of-view cyclist footage recorded by Cyklistbloggen (n.d.) on YouTube.
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useful for needfinding in the next activity 
during this context immersion stage: user 
stories.

4.4.3 User stories

User stories is a method that comes from 
software development and is used to illu-
strate user types, goals, and motivations 
(Cohn, 2004). A user story formulates re- 
quirements in a widely spread form of 
notation: “As a [role], I want [goal], so 
that [benefit]” (Lucassen et al. 2016). For 
example: “As a commuting cyclist, I want 
to be aware of suddenly emerged and ob-
structing road construction so that I won’t 
be late for work.” Ideation, or specific 
feature suggestions in software develop-
ment, could then spring from these fabri-
cated situations based on the designer’s 

subjective take on the users. Indeed, useful 
user stories require thorough context im-
mersion and needfinding from the one 
writing them, as the activity risks personal 
bias seeping in.

Here, the user stories were based on 
insights gained through the questionnaire, 
the video analysis, demographic studies 
in the literature review, and inevitably 
personal experiences from bicycling. The 
stories were divided into three categories 
of varying urgency: conflict situations; haz-
ards and awareness; and environment and 
practices. Each user story was formatted to 
printable cards with a corresponding picture, 
many times with a relevant screenshot 
from the video analysis (Appendix C). The 
printed cards were sorted on posters and 
hung up above the designated workplace for 
the project, to inspire ideas and solutions 
(Figure 26).

Figure 26: A set of user stories were created as a way of rendering cyclists’ wants and needs.
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4.4.4 Personas

One way to embody users more vividly is 
with the use of personas; these fictive user 
models are composited archetypes that re-
present specific user groups’ observed be-
haviors, needs, goals, characteristics, and 
attitudes (Cooper et al., 2014). Personas 
do not depict existing people but are rather 
a realistic synthesis of observed pattern 
behaviors found in typical groups of users 
(Rogers et al., 2015). Designers can use 
personas to develop a better understanding 
of the users’ goals and characteristics in 
certain contexts (Rogers et al., 2015; Cooper 
et al., 2014).

A design aiming to please everyone 
will counteractively please no one, to 
paraphrase Lidwell et al. (2010). Personas 
can be used to create focus and order in 
a project. Who is the solution designed 
for, exactly? Multiple personas are often 
developed, of which one is chosen as the 
primary, representative user (Cooper et 
al., 2014). A fitting primary persona will 
also solve rudimentary problems for the 
secondary and supplemental personas as 
well (Wikberg-Nilsson et al., 2013). If the 
product has too many primary personas, it 
may be trying to accomplish too much and 
may require multiple interfaces (Cooper et 
al., 2014).

A persona is typically given a name, 
photo, gender, age, description, and a set 
of behavioral variables (Cooper et al., 2014). 
These variables are either continuous, e.g. 
ranging from considerate to reckless, or 
discrete choices, e.g. if they are helmet 
users or not. Effective persona variables 
are tuned in relation to each other for 
distinctness (Cooper et al., 2014). A persona 
has three types of goals: end goals, life 
goals, and experience goals (Cooper et 
al., 2014). Personas are characterized by 
their goals relating to the product based 
on their behaviors (Rogers et al., 2015). 
Again, personas are not stereotypes but 
rather archetypes from one’s gathered data 
(Wikberg-Nilsson et al., 2013).

Four archetypical types of cyclists, 
named in Figure 27, were created based 
on previous sociological literature on the 
subject (Gatersleben & Haddad, 2010; 
Persson et al., 2014; Wennberg et al., 2014; 
Damant-Sirois et al., 2014) as well as the 
magazine article by Vängstam (2015). This 
literary approach to persona creation, in 
which the observations are intermediary, 
differs from the more hands-on, interview-
based approach in a given user context as 
suggested by Cooper et al. (2014). Since 
qualitative user studies on cyclists had al-
ready been done, it felt only appropriate 
to draw upon existing resources given the 
scale and ubiquity of bicycling.

Henrik Nadja Monika Josef
The passionate cyclist. The convenient cyclist. The electrical cyclist. The load cyclist.

Figure 27: Sociological research was used to synthesize four of the many archetypical types of cyclists—personas.Figure 27: Personas—sociological research was used to synthesize four archetypical types of cyclists.
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4.5 Ideation

The human brain excels at forming rigid 
patterns of our surroundings and then 
sticking to those established patterns—it 
is not designed to be creative from an 
evolutionary perspective (De Bono, 2015). 
However, contrary to popular belief, one’s 
creative abilities are not bound by natural 
talent but can actually be trained and fa-
cilitated per lateral thinking, as Edward De 

Bono coined it in 1967. Lateral thinking 
is not based on craziness for the sake of 
craziness, but rather on purposeful provo-
cation for one to place their mind in an 
unfamiliar position from which new ideas 
can emerge (De Bono, 2015).

Ideation stages is where designers try 
to make sense of their gathered resources 
and turn observations and needs into de-
sign opportunities (IDEO.org, 2015). The 
ideation of this thesis project started out 
open-ended initially, where the medi-
ator for the user interface had not been 
set. But as work went along, and the 
bimodal possibilities of bone conduction 
headphones (BCH) emerged, a choice was 
made which converged the initially wide 
design space. Namely, a decision to focus 
the sound sketching and idea generation 
on the novel, more specific design space 

of using BCH in a multimodal way as the 
collision warning mediator.

Several lateral thinking and generative 
and design practices were carried out 
during this ideation stage. Namely, free 
association in the form of: brainwriting; 
intuition and creative flow in the form of 
synthesizer sketching; the combination of 
ideas or schemas in the form of wavetable 
exploration and sound morphing; and a 
semi-random input method in the form 
of sample exploration. The goal of this 
stage was to generate a wide range of 
ideas; quantity before quality is the name 
of the game in ideation. For good reason 
too, considering Diehl and Stroebe (1987) 
found that a larger amount of ideas led to 
more good ones as well as Rietzschel et 
al.’s (2006) finding that it also led to more 
unique ones.

4.5.1 Brainwriting

Brainstorming—credited to Osborn (1963) 
and colloquially used to describe the gene-
ration of ideas to a problem—is a deliber-
ate activity. Although the subverted catch-
words of ‘quantity before quality’ may ring 
true for its purposes, there are still certain 
rules and pattern-breaking ways of doing 
it; brainstorming and creative thinking by 
extension are not random or crazy for the 
sake of crazy (De Bono, 2015). Guidelines 
include: no critical judgments of ideas; 
every idea is encouraged; build upon and 
combine each other’s ideas; focus on the 
chosen topic or theme; aim for continuous 
flow in the idea generation; and be visual 
(Osborn, 1963; Wikberg-Nilsson et al., 2013; 
IDEO.org, 2015). Humor and absurdity are 
also encouraged; metaphoric framing or 
analogical expression is a form of lateral 
thinking and thus a useful vehicle for syn-
thesizing the novel and pattern-breaking 
(Cross, 2000; De Bono, 2015).

Creativity can be 
actively provoked 
by certain ways of 
thinking—and not 
passively gathered from 
an elusive resource 
within—argues De Bono 
in his seminal work.
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Brainwriting is a variant of brain-
storming where the idea generation is 
performed individually with pen and pa-
per, and not verbally. A structural form 
of brainwriting as a group exercise was 
developed by Rohrback (1969). Creativity 
can inadvertently be inhibited in brain-
storming due to group dynamics (Diehl 
& Stroebe, 1991) whereas Heslin (2009) 
found that more ideas can be generated 
individually. But on the other hand, the 
sharing of ideas and exposure to them 
within a group can bring positive effects 
(Paulus & Yang, 2000). Three types of 
brainwriting were used, centered around 
the questions: 

 » What ways of communicating alerts 
to cyclists are there and in what 
modalities? 

 » Can real-world parameters be mapped 
to sounds or other sensations? How?

 » What types of messages or icons are 
salient enough in traffic noise? 

 » How can urgency be conveyed in such 
busy environments?

First, a structured and surface-level brain-
writing exercise was performed using 
post-it notes (Figure 28). The activity was 
time-limited to sessions of 15 minutes 
with five-minute pauses in between. After 
three sessions and consequent pauses, an 
additional 15 minutes were spent filling in, 
illustrating if possible, and grouping the 
post-it notes. The brainwriting used both 
quick thumbnail sketching and general 
buzzword notation on the post-it notes, 
depending on the idea. The brainwriting 
was approached with the open-minded 
guidelines described earlier. Although, for 
the sake of creative flow, any sudden trains 
of thought were followed and this led to 
notes with question marks in the form of 

Figure 28: Various brainwriting generated ideas; both in a time-limited activty using analog post-it notes (left) 
and digitally via continuous and haphazard note-taking such as on the phone (right). 
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counterpoints (no criticism, indeed).
Secondly, as a continuous activity 

throughout the ideation stage, a more 
categorized form of idea generation was 
compiled using an online document. The 
ideas, both from the brainwriting and the 
ones spontaneously thought of since then, 
were documented in tables relevant to the 
critical use cases identified in the previous 
stage. Each row represented an idea and 
every column had grouping information: 
nickname, description of the sound, icon 
type, personal notes, and possible urgency 
mappings. As this working document was 
compiled, more ideas and variants thereof 
were naturally thought of.

Thirdly, a less structured and more 
impromptu idea generation took place dur-
ing this ideation stage as well as the whole 
project. A smartphone notation app was 
used to sketch down any worthwhile ideas 
that suddenly occurred; incubation is a 
legitimate part of the ideation and design 
process, and every so often would an idea 
strike in the middle of another activity. 
Additionally, as the generative work took 
place in the offices of RISE Interactive in 
Piteå, brief and informal brainstorming 
occurred in discussions with peers and 
supervisors every now and then; it was 
through such water cooler-moments—or 

‘fika’ breaks to be culturally appropriate—
that I became aware of bone conduction 
headphones and their potential.

4.5.2 Browsing moods

Feeling inspired is a form of luxury—
creative motivation has to be kickstarted 
by internal forces more often than not. 
Getting inspiration from external stimuli 
is an essential step for designers and can 
happen systematically, subconsciously, or 
by chance (Gonçalves et al., 2014). Buxton 
(2007) refers to this part at the beginning 

of a design process as browsing. Designers 
prefer visual imagery for inspiration and 
idea representation (Muller, 1989; Sarkar 
& Chakrabarti, 2008). Mood boards, for 
example, are visual collages expressing 
desired aesthetic or affective components, 
serving to induce creativity (Wikberg-

Nilsson et al., 2013; Buxton, 2007). However, 
Gonçalves et al. (2014) see no reason why 
other types of inspiration, such as non-
pictorial, could not be equally explored 
during ideation; the challenge in browsing 
lies in finding functional, modality-ap-
propriate, and useful stimuli among the 
immense amount of resources available to 
designers.

The mediator choice of bone con-
duction headphones (BCH) meant that 
sound became the primary modality, 
but potentially also touch due to their 
vibrotactile capabilities. ‘VibViz’ by Seifi 
et al. (2015) is an interactive collection of 
tactile icons to be used for browsing and 
inspirational purposes in haptic design; a 
library of categorized stimuli comparable 
to that of visual mood boards. In VibViz, 
vibrotactile stimuli in the form of audio 
are categorized and scaled using four 
facets of haptic design: sensory attributes, 
usage examples, emotional connotations,  
and metaphors (Seifi & MacLean, 2017). 
Sensory attributes include categorizations 
such as tempo and roughness. Emotional 

Browsing tactile 
designs is not that 
accessible; a library 
of vibrotactile stimuli 
compiled by Seifi et 
al. (2015) was used to 
gather inspiration.
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attributes are mapped onto a matrix with 
the two axes of pleasantness and arousal. 
Metaphors, like ‘heartbeat’ and ‘tapping,’ 
are used to describe and sort the stimuli. 
Common usage examples of vibrotactile 
feedback, as found in mobile devices and 
the like, make up the fourth haptic design 
facet.

The audio in VibViz, or the vibrations 
rather, are optimized for C-2 tactors de-
vices (Engineering Acoustics, n.d.) which 
resonate at 250 Hz. Such stimuli are not 
compatible with the vibrotactile use 
of BCH where low-frequency audio of 
100–150 Hz given enough amplitude is 
used. Vibrotactile stimuli in VibViz could 
therefore not be listened to properly, or felt 
as vibrations rather, using BCH but it was 
nevertheless a useful browsing tool during 
this stage because auditory and tactile 
stimuli share many properties with each 
other (Von Békésy, 1957). A sense of urgency 
or emotion could still be extracted while 
browsing; listening to the rhythm, tempo, 
amplitude shape, and possible metaphors 
of the various stimuli led to ideas and 
impressions of what attributes might and 
might not work for warning signals. 

Stimuli in the VibViz library that grab-
bed attention when browsed through were 
saved and compiled in a folder, similar to 
how a mood board compiles inspirational 
imagery. This handful of stimuli—or tactile 
icons rather—became of inspirational 
use in the following, generative activity 
of sketching sound with synthesizers. 
Interestingly, design studies show con-
flicting results as to how getting exposed 
early to examples affects later ideation 
(Cai, Do, & Zimring, 2010). On one hand, 
inspiration can help expand the solution 
space (Goldschmidt & Sever, 2010). On 
the other hand, exposure to other’s work 
can create design fixation, wherein ideas 
are limited (Jansson & Smith, 1991). What 
can be said, though, is that the tools and 

context designers surround themselves 
with shape their outcome (Herring et al., 
2009; Kulkarni et al., 2012).

4.5.3 Synth sketching

The importance of sketching in design—
or more figuratively the act of creating 
models—has since long been recognized 
by researchers and practitioners alike. 
Cross (2006) likens ‘modeling’ to the very 
language of design. Likewise, Ulrich and 
Eppinger (2016) emphasize the importance 
of thumbnail sketches in early stages of 

industrial design; these are small and 
abstract sketches, often devoid of exact 
details but full of annotations, that expand 
and build upon themselves by iteration. 
Cross (1999) consider the ebb and flow of 
such rapid sketching a reflective dialogue 
with the design problem. Sound design 
faces somewhat of a problem in this re-
gard of being able to rapidly generate and 
iterate upon models. While our voices 
provide a natural tool for ‘sketching’ sound, 
translating such vocalizations into usable 
design artifacts remain a practical challenge 
(Rocchesso et al., 2015).

The ebb and flow of sketching is 
quite evident for sound design when 

Sketching with 
synthesizers is similar 
to that of visual 
thumbnails; the shape 
of a design artifact 
emerges through 
call-and-response 
actions much like a 
conversation.
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considering the typical call-and-response 
workflow of synthesizers. Sounds start to 
take form, bit by bit, through acting and 
reacting upon a generated sound source 
by manipulating knobs and sliders on a 
user interface. Looping, or constantly re- 
peating certain sections, is common prac-
tice when working with sound because of 
how it naturally decays and changes over 
time. The workflow is therefore an iter-
ative and incremental one similar to that  
of visual ‘thumbnail sketching;’ designers 
create rapid, intuitive, and inquisitive 
feedback loops between what they experi-
ence and the tools they use. Although, 
thumbnail sketching with pen and paper 
generates multiple physical artifacts 
whereby the evolution of ideas can be 
traced backward—sketching sound with 
synthesizers is often more fluid and 
temporary in this regard.

At this point, the bimodal use of bone 
conduction headphones (BCH) constrain-
ed the ideation space, and inspiration for 
meaningful vibrotactile stimuli had been 
gathered via the VibViz library. Next, the 
ability to elicit vibrotactile feedback using 
BCH was investigated. No mention of 
this vibrotactile byproduct, which occurs 
when a pair of BCH output loud enough 
audio signals of low frequency, was found 
when reviewing previous design literature. 
Considering the novelty of such tactile 
sensations and their design space, simple 
low-frequency pulses were initially tested 
at different pitches, amplitudes, wave-
forms, and stereo panning positions. Two 
pairs of commercially available bone con-
duction headphones, one wired and the 
other wireless, have been used throughout 
this whole project (Aftershokz, n.d.). A 
regular pair of headphones was also used 

Figure 29: Serum by Xfer Records (n.d.). A software synthesizer used to sketch sonic ideas.
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interchangeably when working in order to 
avoid pressure adaptation (dulled tactile 
sensitivity).

The software synthesizer Serum by 
Xfer Records (n.d.) was used to sketch 
sounds during this activity (Figure 29). 
Ideas for alerts and warning signals of 
multimodal type, eliciting both auditory 
and tactile sensations via low-frequency 
designs, were sketched by manipulating 
the pitch, amplitude, waveform, frequency 
content, duration, pulse rate, rhythm, fre-
quency modulation, polyphony, and so on; 
ways of encoding sound and expressing 
moods were explored. One approach was 
to use sounds from VibViz as inspirational 
templates, where synthesis via Serum was 
used to recreate them from scratch by hand 
but now in a manner that was compatible 
with the vibrotactile use of BCH, i.e. in 
a lower frequency register at 70–150 Hz. 
Some ideas from this activity are therefore 
close to replicas of the stimuli found in 
VibViz; others are complete offshoots due  
to the exploratory nature of synthesis.

Lastly, as something noteworthy to 
consider, is the idea of flow. This state  
of mind coined Csikszentmihalyi (1965) 
when trying to describe the intrinsically 
motivated involvement, concentration, and 
enjoyment one can optimally experience 
during creative activities. A person being  

‘in the zone’ while doing something is 
another way to express flow. Ideation in 
design is related to flow and arousal and 
can be interpreted as “positively challenging 
without being frustrating” (Dorta et al., 
2008, p. 129). Flow is indeed a part of 
sound design, as there are always artistic 
aspects to it even if its purposes are not to 
such ends. Under the course of this project, 
and not just during this synth sketching 
activity, there have been several occasions 
where states of flow and intuition guided 
the creative decision-making process; one 
could argue that so must effective sound 

design inevitably be.

4.5.4 Collecting samples

Sampling is an example how new tech-
nology can rapidly pervade society and 
affect the experiences of a lot of people 
in unexpected ways; pop music and film 
soundtracks were never the same after 
the introduction of samplers (Pejrolo & 
Metcalfe, 2017). A sampler is an instrument 
that can record, load, manipulate, and 

playback audio recordings. One aspect of 
sampling is the exploratory nature of it; 
specifically with regards to ‘crate digging’  
in which people visit vinyl record stores to 
dig through crates of vintage recordings 
only to find obscure samples for their own 
artistic productions (Iandoli, 2014). A simi-
lar treasure trove approach has been taken 
during this ideation stage, but with heaps 
of recordings of ecological sounds acquired 
from the internet (Figure 30, p. 90).

Auditory icons are informative sounds 
which build upon our natural experiences 
with the environment (Gaver, 1986). The 
referent of auditory icons can both be direct 
as in the sound-generating source itself or 
mapped indirectly where the association 
is learned arbitrarily or culturally (Stephan 
et al., 2006). Samples related to traffic 
environments were sifted through for in-
spiration how to naturally raise awareness 

Snippets of various 
recordings were 
sampled from online 
resources; sounds 
of traffic, vehicles, 
animals, and so on.



90 Chapter 4—Method

of important events for cyclists, hazardous 
or just informational. Car horns and 
skidding tires are examples of auditory 
icons that have been studied previously 
as collision warnings (Graham, 1999). 
Various recordings of animal vocalizations—
snarling tigers, trumpeting elephants, 
purring cats, barking dogs, and so on—were 
also sifted through for inspiration. The 
use of threatening stimuli to call upon 
our primal, protective instincts has been 
proposed as possibly potent warning signals 
in literature (Ho & Spence, 2013; Larsson & 
Västfjäll, 2013).

FL Studio (Image-Line, n.d.) was the 
Digital Audio Workstation (DAW) used in 
this thesis project, and its native sampling 
tool was used to chop up interesting 
regions of various recordings into more 
accessible samples. The samples were 
arranged in folders based on their type 
and relevant use case. Samples of car keys 
and electronic locking mechanisms were 
categorized as possible auditory icons for 
dooring situations. The original recordings 
themselves came from different parts of 
the internet: YouTube; Creative Commons 
libraries like FreeSound.org (n.d.); as well 

as from commercially available resources. 
Although some samples retrieved during 
this activity could have been used as 
straight-forward auditory icons, this was 
not the intention but rather to use them 
as building blocks or starting points for 
creating novel, larger-than-life, and hope-
fully more effective warning signals.

4.5.5 Animal synths

The generated ideas in this activity stem-
med from an initial question—is there such 
a thing as a ‘tactile roar?’ More practically, 
it was examined if it was possible to 
transfer the auditory characteristics of 
threatening animal sounds to the register 
where vibrotactile sensations start to 
occur with BCH. Wavetable synthesis 
is a digital form of sound generation in 
which a very short audio sample of one 
wave cycle is looped endlessly to sustain 
a timbre (Pejrolo & Metcalfe, 2017). Some 
wavetable synthesizers can import and 
splice up audio samples into sequenced 
wave cycles, forming a wavetable. Animal 
vocalizations from the previous activity 

Figure 30: The online equivalent of ‘crate digging’ was used to 
sample recordings potentially useful for warning signals.
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which had a steady sustain but also a rough 
and aggressive timbre to them—some not 
all too far from sounding like a humming 
car engine—were imported and converted 
into wavetables via the software synthesizer 
Serum (Figure 31). 

A feature of Serum which interpolates 
between single waveforms was applied 
to mitigate the choppiness caused by 
converting an audio sample into a reduced 
number of wave cycles. Harsh overtones 
were filtered out using the waveform 
editor in Serum. Pitch control was useful 
for transposing the imported animal 
sounds down to a subjective vibrotactile 
sweet spot at ~110 Hz without affecting 
its duration. Additional shaping modules 
within Serum were also used: envelope 
modulating amplitude and the cutoff point 
of a low pass filter helped create a looming 
quality via a gradual but quick rise time 
in intensity, similar to aggressive animal 
vocalizations; modulating the resonances 
of a formant filter imposed further animal-
like vowel movement; applying multiband 
compression brought up defining mid-
frequencies; and frequency or amplitude 
modulation using an additional oscillator 

pitched below the main oscillator generated 
an even rougher texture to the sound.

4.5.6 Morphing sounds

Novel and interesting designs can emerge 
from combining elements from existing 
ones into new configurations (Cross, 2006). 
This type of creativity was provoked in 
this activity: the abstract and synthesized 
low-frequency sounds from the previous 
two activities were merged with real audio 
samples of animals. The idea was to find 
an additive blend between the lower, vi-
brotactile frequencies of the synthesized 
sounds and the defining, threatening fre-
quencies in the mid to high range of the 
naturalistic audio samples. Finding urgent 
timbres was the main focus of the activity, 
and standout combinations were rendered 
and documented. 

While simply layering two ideas on 
top of each other by mixing is one way 
of blending sounds, there is also a more 
complex approach. Cross-synthesis is when 
the spectrum of one sound is morphed with 
another (Roads, 2015). MORPH (zynaptiq, 
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Figure 31: Samples of animal sounds were converted into wavetables and manipulated into more abstract textures 
using the software synthesizer Serum (Xfer Records, n.d.).
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Figure 31: Samples of animal sounds were converted into wavetables and manipulated into more abstract textures 
using the software synthesizer Serum (Xfer Records, n.d.).
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n.d.) was used to interpolate between two 
input sounds and to synthesize a third, new 
sound. Similar to vocoding, it uses carriers 
and modulators to articulate one sound in 
the form of another. Difference being that 
MORPH can gradually shape one sound to 
become the other by creating interpolated 
transitions in between them—Bernee and 
Gökdag (2015) make the visual analogy 
of turning the wireframe of a circle into 
a square and vice versa (Figure 32). As 
the morphing is based on math and not 
semantics, the results of interpolating two 
sounds with cross-synthesis can be quite 
bizarre.

Morphed sounds and their in-between 
stages depend heavily on the input signals 
and can be hard to predict. Thus, this 
activity was of a trial-and-error nature; the 
goal was to explore and find interesting 
auditory timbres or tactile textures that 
resonated well—aesthetically—as warning 
signals with bone conduction headphones. 

‘Happy accidents’ were deliberately tried to 
be provoked by semi-random input in the 
form of different combinations of audio 
samples and synth artifacts. Semi-random, 
here, meaning that input signals were 
chosen based on what Taura and Nagai 
(2017) call associative intuition: connecting 
seemingly related elements based on gut 
feeling. 

4.6 Concept 
development

A concept is more detailed and complete 
than an idea (IDEO.org, 2015). Concepts 
consider the big picture; how the product 
accomplishes and fulfills the goals and 
needs of its users (Wikberg-Nilsson et 
al., 2013). Not only is design a generative 
process, but also one of elimination and 
filtering (Buxton, 2007). This funneling 
process of evaluating, iterating, and de-
ciding on worthwhile concepts manifests 
a design rationale—being able to articulate 
the reasons for one’s design decisions 
(MacLean, Young & Moran 1989). Indeed, 
design is not a straight path; iteration and 
evaluation are present in parallel within the 
process of converging ideas and concepts 
(Buxton, 2007).

Five concepts for collision warning 
signals using bone conduction headphones 
were developed during this stage. The 
approach to each concept differed in 
character, with some being more explicit 
and others more iconic. The notion of ur-
gency was expressed differently between 
concepts; some used differentiated levels of 
feedback while others were more dynamic 
and continuous. Generative and iterative 
design work in this stage was grounded in 

INPUT A

INPUT BFigure 32: Morphing—interpolating one shape with another. Here, with sound.Figure 32: Morphing—interpolating one sound with another.
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naturalistic video scenarios. Sonification, 
the design of expressing data with sound 
parameters, was explored in how cyclists’ 
current distance to possible danger can 
be conveyed using sound. This stage was 
also a design of relationships—mixing and 
layering multiple sounds together and into 
a complete gestalt.

4.6.1 Sonic overlay

Visual storytelling, often in the static format 
of storyboards, can be of particular help 
in design communication and making 
the presentation of ideas and concepts 
more memorable (Buxton, 2007). While 
storyboarding is a useful and cost-effect-
ive tool for prototyping user experiences, 
it fundamentally disregards temporal 
phenomena—the timing, movement, and 
dynamics of an interaction, as Buxton 
(2007) points out. Video resources can 
act as a prototyping technique in concept 
development given the nature of sound; 
sonic overlay is when sound designers 
superimpose sonic ideas in sync with the 

visually presented interactions on video 
(Franinovic & Serafin, 2013).

Video footage from a cyclist’s point 
of view was voiced, metaphorically, with 
the use of sonic overlay during this stage. 
Stefan Lindberg, sound designer at RISE 
Interactive, went out on a bicycle trip in 
the urban scenery of Skellefteå and re-
corded himself interacting in traffic, riding 
on sidewalks as well as the main roads, 
with a camera mounted on the handlebar. 
Audio was recorded with a SQuadriga 
II mobile system and a pair of binaural 
recording headphones (HEAD acoustics, 
n.d.). Relevant traffic scenarios such as ap-
proaching a crossing path, sharp corner, or 
an intersection were picked out from the 
longer, raw recordings. These shorter video 
clips were imported to FL Studio (Image-
Line, n.d.) in which a native plug-in was 
used to align the various scenarios with the 
audio timeline and sonic ideas (Figure 33). 

Ideas and concepts in development 
were then played back in time with footage 
of the naturalistic, point-of-view cyclist 
scenarios. Stefan’s regular traveling pace 
allowed for intuitive assessment of time 
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Figure 33: Warning concepts in the DAW were lined up with audiovisual recordings of a cyclist’s point of view in tra�ic.
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Figure 33: Warning concepts in the DAW were lined up with audiovisual recordings of a cyclist’s point of view in tra�ic.
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frames and the duration of sounds. The 
binaural recordings also added a further 
layer of immersion. Additionally, as our 
perception is multimodal, working audio-
visually in this ‘Wizard of Oz’ manner made 
for more valid judgments of the acoustic 
ecology, as Schafer (1977) coined it; the 
idea that all sounds in an environment must 
be managed in relation to each other, and 
holistically so (Erkut et al., 2015). Working 
with naturalistic audiovisual recordings 
instinctively brought up concerns if the 
sonic ideas felt appropriate for a bicycle–
vehicle interaction as well as with the rest  
of the urban soundscape.

4.6.2 Sonification

People are sensitive to changes in sound. 
Sonification is the practice of visualizing 
data through sound and stems from the idea 
that some changes or relationships in data 
are easier to hear than to see (Freeman et 
al., 2017). Sound—being multidimensional—
provide many different attributes of its 

source and can as such be appropriate 
for presenting multivariate data (Barrass 
& Kramer 1999). A common sonification 
approach is mapping data dimension val-
ues to parameters such as pitch, timbre, 
or spatial position (Freeman et al., 2017). 
Testing start and end values, their direction 
of change, as well as the perception of 
change between values is necessary for a 

successful sonification (Walker et al. 2000). 
Further, sonification requires considera-
tion of the interacting dimensions and per-
ceptual biases in order not to distort the 
underlying data in the mapping (Neuhoff et 
al. 2000). 

Concepts for warning signals using 
the idea of sonification to communicate a 

‘proximity to danger’ were explored during 
this stage. The idea of continuous feed-
back stemmed from the notion that traffic 
is a volatile and complex environment; 
accelerating and decelerating road users 
make for a syncopated traffic rhythm, 
especially in urban areas with many stops 
and intersections; a warning system that 
provides continuous updates—during the 
onset as well as passing of the threatening 
event—could prove to be more useful and 
trustworthy than a static and threshold-
based one. Ferris and Sarter (2011) studied 
a tactile display designed to monitor a 
patient’s anesthetic condition and found 
that continuous feedback was preferred  
and more effective during low workloads, 
but that critical event-based warnings 
elicited better performance during high 
workloads. 

A macro controller utility in the 
DAW was used to sketch a ‘sonification of 
danger.’ This macro was made to represent 
the dynamic range between the lowest 
and highest urgency level. Parameters of 
synthesizers, e.g. ‘duration’ or ‘roughness’ 
macros, and parameters of arpeggiators, 
e.g. rate and pitch, as well as parameters 
of audio processing, e.g. filter cutoff points 
and reverb amounts, were mapped to be 
controlled at the same time by this one 

‘urgency’ macro (Figure 34). The boundary 
conditions, the min and max values of each 
parameter, were iteratively decided upon 
by simple trial. Here, the sonic overlay 
technique was useful as it allowed testing 
of boundary conditions to ‘take place’ in 
a more valid context: reference points 

Sonification is the 
idea of presenting 
data with sound; some 
relationship changes 
might be easier to hear 
than to see.
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gained from the cyclist’s speed and distance 
traveled made judgments of appropriate 
min and max values more grounded. 

The traffic footage provided an eco-
logically valid backdrop for the sonification 
sketching. Exactly when and for how long 
a collision scenario could be detected had 
to be improvised; the interaction design 
stage in V2Cyclist by RISE Interactive 
preceded its later hardware testing. Jutila 
et al. (2017) investigated detection ranges 
between vehicles going 90 km/h and cy-
clists going 25 km/h on a country road 
and found that the time-to-collision high-
ly varied, between 2–10 s, depending on 
signal obscurement in the environment 
and transmission power (vehicle antenna 
contra smartphone close to body). The  
video footage used as a backdrop in 
this activity was recorded in an urban 
environment with vehicles going 30–50 
km/h. The duration of the sonification 
until the collision event was on average 
set around 5 seconds based on what felt 
appropriate.

4.6.3 Mixing and refinement

Bauhaus teacher and art scholar László 
Moholy-Nagy (1938) described design as 
an attitude of thinking in relationships. 
Mixing is by definition an act of balancing 
sounds in relation to each other and can 
be summarized as the act of scaling, com-
bining, and routing sounds (Roads, 2015). 
Sound designers and mixing engineers 
use listeners’ inadvertent ability to create 
larger-than-life gestalts of multiple, indi-
vidual sounds together by emphasizing 
certain interpretations through shaping 
the relationships of sound to expressive 
ends. Gestalt principles (Todorovic, 2008) 
from visual sense-making have also been 
observed in sound perception, most of 
which being grouping mechanisms: law 
of similarity, good continuation, common 
fate, familiarity, and closure (Bregman & 
Campbell, 1971; Meyer, 1956; Tenney & 
Polansky, 1980; Deutsch, 1982, 1999).

Sonic ideas were mixed and enhanced 
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at once using a macro controller made to represent the urgency level.
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into more refined concepts during this 
stage (Figure 35). Mixing is in itself a form 
of art and design, and thus intertwined 
with the synthesis or sampling process 
(Roads, 2015). This approach of mix-as-
one-goes is especially useful when layering 
and combining sounds to articulate ideas 
more precisely. Polyphony—and not just 
in a musical sense—is a powerful tool for 
achieving expressive and emotional sounds 
(Ferranti & Spitz, 2017). Acoustic and nat-
ural recordings can be made to sound 
larger-than-life by layering and supporting 
them with synthetic and processed sounds, 
for example. Common mixing operations 
include: tone-sculpting sounds via equal-
izers; using distortion to add pleasing har-
monics or aggressive noise; creating a 
sense of depth and distance with reverbs 
and delays; controlling level dynamics with 
compression and limiting; and spatializing 
sound in stereo with the use of panning 
(Réveillac, 2018).

Mixing is also a process of finalization 
(Jeon, 2010). FL Studio (Image-Line, n.d.) 
was used to mix and render the concepts 
into audio files. A submixing approach 
was taken to alleviate layer complexity 
and computational resources, in which a 
larger amount of individual sounds are 
consolidated into a fewer number of tracks 
called stems (Roads, 2015). Both regular 
headphones (Sennheiser HD 25-1 II) and 
bone conduction headphones (Aftershokz 
Trekz Air) were used when mixing. Regular 
headphones were useful when trying to 
zone in and remedy problematic masking 
frequencies between sounds. The bone 
conduction headphones, as the proposed 
design mediator, provided vibrotactile 
sensations as well as auditory ones—and 
thus a completely different, multimodal 
perception of the mix.
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4.7 Evaluation

Designers inevitably draw upon their own 
experiences and preferences; user- and 
human-centered design methods aim 
to step out of such self-referentiality. In- 
deed—darlings do sometimes have to 
be killed, as the blunt saying goes. An 
evaluation stage in product development 
aims to reduce personal bias and system-
atically assess proposed solutions accord-
ing to identified user needs and set 
design criteria (Ulrich & Eppinger, 2016). 
Systematic evaluation methods aim to 
offer a clearheaded look at one’s ideas 
by inducing thinking from viewpoints 
other than one’s own. But even seemingly 
objective metrics must be interpreted 
subjectively at some point in the process; 
especially considering the more abstract 
aspects of user experience and aesthetics. 
Design intuition—people’s tacit knowledge 
and non-arbitrary gut feelings—does as 
such also play an important role during 
concept evaluation (IDEO.org, 2015; Ulrich 
& Eppinger, 2016).

Concepts were evaluated in different 
settings during this stage: in a simulated 
traffic environment using audiovisual re-
cordings; via a demonstration video and 
people’s spontaneous impressions during 
an open house event; and on a personal 
level while biking in traffic. One concept 
was evaluated in a more extensive study by 
RISE Interactive. It was originally planned 
that this final stage would converge into 
one final solution. A definite solution has 
not been chosen. Auditory and tactile sen-
sations both render instinctive opinions of 
their aesthetics as well as function. As such, 
evaluation with users in an ecologically 
valid context is recommended—especially 
relevant here considering the novelty of 
using bone conduction headphones to 
vibrotactile ends. Unfortunately, the five 

warning signal concepts of this thesis have 
not been systematically assessed in relation 
to each other enough. A range of concepts 
of varying type and character is therefore 
presented as the project deliverable. 

4.7.1 Audiovisual traffic 
simulation

Scania was one of the collaborative part-
ners in the research project V2Cyclist by 
RISE Interactive. A trip was taken to the 
sound studio facility at Scania Technical 
Centre in Södertälje as preparation for a  
later study (section 4.7.2). Scania’s sound 
studio was created to house design and 
testing of sounds in the modern driver en-
vironment and features acoustically dam-
pened surroundings and a wall-mounted 
multi-speaker system (Scania Group, 2016). 
Along went Stefan Lindberg, a sound de-
signer at RISE Interactive. The evaluation 
itself was of unmoderated structure; turns 
were had in evaluating warning signals 
in the studio environment through a pair 
of bone conduction headphones (BCH). 
Impressions regarding their intelligibility 
and effectiveness in a realistically noisy 
traffic environment were naturally formed.

An audiovisual simulation of traffic 
was set up in Scania’s sound studio using 
naturalistic recordings from a cyclist’s 
point-of-view. Video was played back on a 
wall-mounted 65” television screen at one 
short side of the studio room (Figure 36, p. 
98). The corresponding sound recording 
was played back through a multi-speaker 
system, in which a two-channel stereo 
track was spread out into four speakers;  
two front speakers beside the television 
screen received most of the audio signal 
and the rest was spread out into two 
speakers behind the listener. This quadra-
phonic stereo blend of multiple speakers 
helped to sell the immersion of a realistic 
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traffic environment. Speaker levels were  
measured at 60 dBA during quieter mo-
ments and 80 dBA at louder events; the 
smartphone app ‘Buller’ (The Swedish 
Work Environment Authority, n.d.) was 
used to measure loudness.

Three concepts in-progress from this 
project, as well as others from RISE, were 
evaluated during this audiovisual traffic 
simulation: one threshold-based and two 

‘dynamic’ ones (Concept A, D1 and D2). 
A listener stood 3 m in front of the tele- 
vision screen and watched a 10-minute 
sequence of traffic interactions, equipped 
with wireless BCH that were Bluetooth-
connected to a laptop which facilitated 
audio and video playback. A click track 
countdown was used to manually sync 
the playback between Ableton (audio) 
and VLC (video). Each concept had each 
been rendered to audio files and set up to 
deploy warning signals in accordance to 
scenarios experienced on the screen, such 
as moments before an intersection or a  
loud event, which allowed for comparisons 
of concepts.

4.7.2 Evaluation study by 
RISE Interactive

Johan Fagerlönn and Stefan Lindberg at 
RISE Interactive designed and conducted a 
study to evaluate concepts in-progress and 
the bone conduction hearing technology 
itself in the V2Cyclist research project. I 
participated in planning meetings for the 
study with Johan and Stefan but was not 
present in Södertälje when the test was 
performed. The study took place in a 
sound studio at Scania Technical Centre. 
The study had two testing environments: 
the first activity used the audiovisual re-
cordings of traffic footage from a cyclist’s 
point of view as the test environment, and 
the second activity used virtual reality (VR) 
simulation to accomplish the same but more 
specifically regarding a typical collision 
scenario with an HGV at an intersection.

Three concepts were evaluated using 
bone conduction headphones (BCH). One 
of which was Concept A from this thesis 
project that used an earcon/tacton with a 

Figure 36: Three preliminary concepts were evaluated in a simulated traffic 
setting using audiovisual recordings.
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musical timbre to alert its users. The other 
two concepts evaluated came from RISE 
Interactive that respectively combined a 
brief earcon with either a following audi-
tory icon or speech message. The study 
had 18 participants, of which a third were 
women (n=6). Participants were on average 
39 years old (SD=8.6) and stemmed from 
various departments at Scania Södertälje, 
such as from R&D. Briefing, testing, and 
evaluation took approximately 50 minutes 
for each participant.

Participants were initially briefed on 
the context of the study and the BCH. In 
the first activity, participants experienced 
naturalistic cyclist recordings in the form 
of a 6-minute sequence consisting of point-
of-view video traffic footage on a television 
screen and the corresponding auditory 
ambiance through a multi-speaker system, 
while being active on a stationary exercise 
bicycle (Figure 37). Warning signals were 
received at set events via BCH. Each 
continuous sequence covered one concept 
and featured in total 8 warning signals at 
appropriate scenarios. A written evaluation 

form was filled out after each concept. The 
same audiovisual sequence was used for all 
concepts. Warning signals were deployed 
roughly at the same occasions each run, e.g. 
near intersections. 

The second testing activity entailed 
a virtual reality (VR) environment where 
participants got to experience warning 
stimuli, via BCH, in response to a critical 
traffic scenario; an HTC Vive Pro was 
used. All three concepts were experienced 
in a row in separate sequences, having 
the evaluation form afterward. In the 
VR scenario, participants bicycled along 
a path heading towards an intersection 
with a truck riding alongside them. At the 
intersection, the truck turns right, cutting 
in front of the cyclist from the left—a 
common accident scenario and critical 
use case. The VR experience was passive 
in that participants could not affect their 
movement but were rather locked into ex-
periencing the pre-programmed collision 
scenario. Invisible boxes inside the virtual 
environment triggered warning signals 
of appropriate urgency levels, relating 

Figure 37: Test participants received stimuli via BCH while peddling 
on an exercise bike and experiencing audiovisual traffic recordings.

Photo: Stefan Larsson.
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to distance and TTC. The virtual reality 
environment was designed by Scania’s in-
house VR development team.

The evaluation form, to be answered  
in writing, featured a variety of question 
types: demographic queries, Likert scale 
judgments, semantic differentials, pre-
ferential ranking, as well as open-ended 
comment sections. Demographic queries 
regarded age, sex, and hearing ability as 
well as helmet usage, biking frequency, 
biking environment, and if any biking-
related injuries had been sustained pre-
viously. Likert-type scales were used to 
gauge participants opinion about usability 
and their experience of the concepts, the 
BCH, and the testing environments. After 
each test environment, participants were 
asked to rank the concepts by personal 
preference. A final open-ended question 
asked for additional opinions about the 
warning signals’ design.

Acceptance Scale (Van der Laan et al., 
1997; de Waard, n.d.) was adapted and 
applied in this study to evaluate usability 
and user experience; a method originally 
designed for assessing the acceptance 
of new technology and interfaces for in- 
vehicle systems. Acceptance Scale (AS) 
measures system acceptance using two 
dimensions: Usefulness which consists of 
5 semantic differentials, and an affective 
Satisfaction which consists of 4 semantic 
differentials. Each differential is scaled 
by five integers ranging from positive 
(+2) to negative (−2) where (0) is neutral. 
Usefulness and Satisfaction scores are 
calculated by summing and averaging 
ratings on the same scale. The evaluation 
form for the study was in Swedish, for 
which Johan Fagerlönn of RISE Interactive 
translated the nine Acceptance Scale se-
mantic differentials (see de Waard, n.d.) 
correspondingly.

4.7.3 Demonstration video

RISE Interactive Piteå held a business open 
house. Visitors were invited to roam freely 
between different office spaces where cur-
rent research projects were showcased. 
One of which was this thesis project and 
indirectly V2Cyclist. Video 1 (p. 101) was 
prepared to showcase project context, pro-
posed design concepts at the time, and the 
novelty of BCH. Videos to which objects 
are augmented with sound can be used 
as a prototyping tool in sonic interaction 
design (Franinovic & Serafin, 2013) and 
the medium shows timings and dynamics 
intuitively (Buxton, 2007). Three concepts 
were demonstrated sequentially, in a one-
minute video, overlaid three scenarios  
from the naturalistic video recordings of 
traffic. Preliminary versions of Concept 
A, B and D2 were demoed. The video was 
displayed on a 24” computer monitor, and 
audio was played back via Aftershokz Trekz 
Air (BCH).

Eleven people came by and chatted 
about the project during the course of two 
hours. A brief introduction to relevant 
context and technology was given before 
the demo. People were asked afterward, 
in an open-ended way, about their gut 
feelings of the experience. It was made a 
point in the semi-structured interviews to 
ask people about their affective response 
to the vibrotactile sensations, given the 
novelty aspect of BCH. None of the eleven 
visitors had encountered bone conduction 
headphones before. People were also asked 
about how they interpreted the meaning 
of the bimodal stimuli and their direction. 
Inverted stimulus-response compatibility 
has been observed in protective vehicle 
systems, i.e. drivers intuitively steer away 
from the warning stimulus (Straughn et al., 
2009; Campbell et al., 1996). 
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4.7.4 Field listening

A bike trip in the urban, late summer sce-
nery of Luleå was taken to evaluate the 
intelligibility of the warning concepts as 
well as the bone conduction headphones 
themselves in a more ecologically valid—or 
sound—setting (Figure 38, p. 102). Several 
warning signals and sonic ideas were se-
quenced into longer audio files, seemingly 
placed out at random, and were loaded 
onto a smartphone to be played remotely. 
An audio file was compiled in which 93 in-
stances of stimuli were spread out over 45 
minutes with intervals of either 10, 20, or 
30 seconds. Each stimulus was normalized 
in terms of peak level, but not loudness 
matched any further. More focused and re-
peated auditioning of specific sounds took 
place in particularly noisy areas. A wired 
pair of BCH were used (Aftershokz Sportz 
3). The field listening and subsequent note-
taking lasted 75 minutes.

A recording of wind noise as heard 
while bicycling was toggled every now 
and then in the DAW as a ‘masking test.’ 
But the effects of real-world wind noise,  

caused by the airflow around our head  
and outer ears, is hard to properly simulate 
with audio recordings. Particularly windy 
routes near open spaces and water were 
therefore chosen for this field evaluation. 
Another masking concern in the context 
of traffic is passing vehicles and their 
characteristic, swelling sound—a mix of 
vrooom! and swish! depending on their 
speed and size. The level increase of such 
nearby auditory events can be quite high 
and can easily mask other sounds. As such, 
moderately urban routes and areas were 
chosen for this evaluation (the population of 
Luleå is ~75 000).

The potential masking effects of 
body movement on the perception of vi-
brotactile stimuli were evaluated; biking 
could potentially affect tactile perception 
to the point of masking the vibrotactile 
component of the warning stimuli from the 
BCH. People wearing smartwatches were 
less likely to notice vibrotactile notifica-
tions when the accelerometer picked up 
motion (Blum et al., 2015). The ventriloquist 
effect was also kept in mind, as it may 
easily be induced in busy environments 
such as traffic, in which auditory stimuli 

Video 1. A brief video demo showcasing three concept designs put together for an open house event.

Three warning signal concepts.

Demo
VIDEO 1
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is unintentionally perceived to stem from 
a concurrently presented visual target 
(Chan & Chan, 2006; Ngo & Spence, 2010). 
The natural environment allowed for as-
sessing the ‘acoustic appropriateness’ of 
the designs—or rather their deliberate 
inappropriateness. One could argue that 
warning signals should stand out from the 
acoustic ecolog y (Schafer, 1977) by purpose 
in order to capture attention.

4.8 Method discussion

The process for this thesis has been 
characterized by design thinking inwards 
through literary and academic analysis, 
rather than outwards with tangible users. 
Such a confined design process can seem 
strange considering various methods with-
in user-centered design were used: video 
observations, personas, and user stories 
during the first stage, namely. Perhaps an 
unfortunate confinement, too, considering 

the emphasis on empathy and user-
driven decisions in design and product 
development literature. Although, through 
literary and external resources have other 
perspectives than my own been accessed—a 
more apt description is not a strictly self-
contained design process but rather one 
with intermediary links to relevant user 
resources.

The convergent design choice to fo-
cus on sound and vibrations was made  
after the first brainstorming activity. More 
specifically, the use of bone conduction 
headphones (BCH) which Stefan Lindberg 
at RISE Interactive introduced me to. The 
development type changed as such from 
open to closed; the design mediator had 
now been preliminary decided. The reason 
for this choice was to be able to deliver 
concepts of higher comparability and fi-
delity and to stakeholders, compared to 
a diverse set of solutions with different 
mediators but with consequently lower 
fidelity. That said, the perspective of an 

Figure 38: Ideas were auditioned intermittently and at unexpected times during a bicycle trip via BCH.
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‘outsider-looking-in’ could have also been 
useful to stakeholders in terms of supply-
ing completely alternate solutions and a 
different spin on the problem space. 

The exploration of this bimodal de-
sign space via BCH was mostly confined 
to my own experiences, and not the ones 
of external users—although I do consider 
myself an occasional cyclist depending on 
the time of year. Still, bicycling is ubiqui-
tous to a wide range of people in everyday 
life; a range my personal experiences and 
beliefs solely cannot begin to imagine and 
cover on their own. Indeed, more user-
participatory design activities could have 
been utilized during the course of this 
thesis. Especially when considering the di-
versity of cyclists, the fickleness of sound, 
and the novelty of vibrotactile sensations 

elicited via BCH. Here, workshops seem 
like an appropriate method for assessing 
impressions and preferences other than 
those of my own with regards to usability, 
aesthetics, and urgency design. 

Sound is immediate and intuitive in 
the way we quickly form opinions of it,  
and workshop methodologies are as such 
the natural venue for reflective practices 
within sonic interaction design (Rocchesso 
et al., 2015; Erkut et al., 2015). Sirkka et al. 
(2014) carried out a workshop regarding 

urgency design with control room opera-
tors, and the consequent alarm redesigns 
led to workplace improvements. Rocchesso 
et al. (2015) remark on the collaborative 
upshots of using vocal sketching in group 
settings during ideation stages—sketching 
with our voice is even more immediate and 
interactive than thumbnail sketching on 
paper. The appropriateness of metaphors, 
acoustic ecologies, and referent mappings 
for auditory icons could have been re-
searched via user-participatory design. The 
thesis process was, instead, characterized 
by a literary and inwards-oriented design 
approach.

4.8.1 Context immersion 
(discussion)

A literature review was used to establish 
archetypical users and critical situations in 
their environment. It was opted to rely on 
pre-existing resources given that cyclists 
are a diverse user group but also a well-
studied one in certain areas. A picture of 
cyclists and their context was painted by 
interpreting the observations and findings 
of others via relevant literature. Namely,  
via reviewing accident analysis studies 
based on naturalistic insurance data to 
determine collision scenarios and critical 
use cases; observing naturalistic videos 
from the point-of-view of cyclists; and 
reviewing sociological studies and cyclist 
demographics in order to better and more 
credibly synthesize four personas.

The approach of using pre-existing, 
external resources worked well to set 
the context for this thesis. The accident 
data analysis complemented some of the 
more everyday experiences observed in 
the video analysis and vice versa. The 
user stories, which were mostly derived 
from the comments and screenshots in 
the video analysis, were able to capture a 

The thesis process 
was characterized by 
an inwards-oriented 
approach rather than 
one outward-bound; 
more ideation activities 
with user participation 
could have, as such, 
been implemented.
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quite wide range of cyclist scenarios and 
experiences (Appendix C). The less severe 
and more everyday problems of cyclists  
in Appendix C could serve as a basis 
for continued research projects in that 
there are more opportunities for human–
computer interaction in traffic other than 
the—fortunately—rare collision scenarios 
as focused on in this thesis. For example, 
traffic awareness in terms of both its rules 
and nearby road users.

The questionnaire was presented with 
a rather diffuse framing of ‘potential new 
safety technology for cyclists.’ Not much 
was known about the project direction 
nor the design mediator at this starting 
point in the process, other than that RISE 
Interactive was conducting a research 
project featuring a ‘smart’ bicycle helmet—
hence the comparisons between helmet 
and non-helmet users in the results. The 
questionnaire became as a result rather 
surface-level in terms of focus and insight 
(Appendix B). It could have, in hindsight,  
been more focused more on attitudes 
about collision scenarios and warning sig-
nals. The results’ accurate representation 
of cyclists, an indeed broad and diverse 
demographic, can be rightfully called into 
question considering the relatively low 
number of respondents (n=164). The age 
groups were, however, somewhat equally 
represented apart from people above 55 
years old.

4.8.2 Ideation (discussion)

The thesis and design process was itself 
designed with a diverging-and-converging 
approach that is associated with ‘design 
thinking’ (e.g. Brown, 2009; Buxton, 2007) 
and human-centered design (e.g. IDEO.
org, 2015). The idea is to start wide and 
unconditionally, and through iterations 
and constraints narrow down generated 

ideas to fewer, feasible concepts to lastly 
arrive at a final solution to the design 
problem—a narrowing funnel made of 
cycles between synthesis and analysis. 
While this project generated a wide range 
of ideation artifacts, it does however not 
present such a narrowed, singular, and 
definite solution. It does seem, in hind-
sight, that too much time was spent on 
ideation and resource-gathering activities. 
The planned timeframe for this project  
was, as a result, exceeded due to poor 
division of work activities; the parallel 
documentation and literature review did 
not keep the same pace as the design-
oriented work.

A common thread running through the 

generative activities was the use of con-
ceptual tools, e.g. metaphors, as well as 
the approach of combining conventional 
solutions in the medium, i.e. design para-
digms, to create something novel. Two 
ideas can be synthesized into a third one, 
and IDEO.org (2015) calls this a ‘mash-up’ 
much like how two pieces of music can be 
combined into something new. Earcons, 
auditory icons, and speech are all design 
paradigms within auditory feedback. The 

‘ideation ingredients’ of the five resulting 
warning signals—mash-ups consisting of 
design paradigms, conceptual design tools, 
and usage conventions—are laid out in 
Table 7. This creative but relatively simple 
practice of A + B = C yielded interesting 
results, looking back at the generative de-
sign activities of this thesis.

Combining conventions 
in the medium and 
the use of metaphors 
helped synthesize novel 
designs (see Table 7).
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Table 7. Ideation mash-ups that helped synthesize the five resulting multimodal warning signals.

Concept A: 
Brass Earcon

 + Earcon
Melodic movement; attention-grabbing.

 + Tacton
Vibrotactile movement (bass instrument).

 + Cultural convention
The innate ‘urgency’ of brass instruments, as evident in pop 
culture, was chosen as the auditory timbre.

Concept B:  
Speech Tacton

 + Speech
The most literal form of communication.

 + Tacton
Vibrotactile movement (synchronized bass instrument).

Concept C: 
Primal Metaphor

 + Auditory icon
The sound of a threatening animal.

 + Tacton
Vibrotactile movement (exaggerated bass frequencies).

 + Zoomorphism (Abidin et al., 2008)
The formgiving was inspired by the auditory aesthetics of large 
cats.

 + Metaphor
A particular type of purring by large cats resemble car engines 
(here: the snarl of a tiger).

Concept D1: 
Dynamic Blinker

 + Design convention
A faster rate of stimuli is a common expression of proximity, e.g. in 
parking assist systems and navigational applications.

 + Cultural convention
Clock-like timbres with a certain, steady rhythm are associated 
with car indicators. Here, remapped to symbolically denote the 
idea of oncoming vehicles to users (cyclists).

 + Metaphor
The sound of a clock is synonymous with the concept of time. 
Clock-like sounds that speed up do not imply that time itself 
is speeding up but rather that time is running out. Here, the 
intended interpretation is a notion of the time-to-collision (TTC) 
approaching zero.
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Concept D2: 
Dynamic Growl

 + Design convention
A faster rate of stimuli is a common expression of proximity, e.g. in 
parking assist systems and navigational applications.

 + Tacton     Earcon
Abstract, low-frequency movement via FM synthesis; the wide 
spectral output from the synthesizer made the perception of tac-
tile and auditory stimuli intersect one another via BCH.

 + Metaphor
The pitch movement and rough timbre of the synthesis design 
allude to the sound of a bursting combustion engine and by ex-
tension threatening vehicles; the context of traffic is likely to 
induce this metaphoric interpretation.

 + Size-sound symbolism
The theory of size-sound symbolism in which low frequencies are 
heavily associated with larger objects (Ohala et al., 1997; Huron, 
2012) is relevant for all concepts, as they all use low-frequency 
components to elicit a vibrotactile effect via BCH. Concept D2, 
being perhaps the most abstract concept, has the lowest spectral 
centroid (the frequency center of mass) of all. 

Metaphoric framing of the humoristic 
nature, as per De Bono’s (2015) lateral 
thinking, was used in the ideation stage to 
provoke new ideas: “what would a ‘tiger-
driven’ engine sound like? What would a 
vibrotactile tiger roar feel like?” Although 
silly when thought out loud, these are not 

random metaphors for the sake of random 
but are rather an example of associative 
intuition, which Taura and Nagai (2017) 
liken to a form of free association where 
designers intuitively feel how two entities 

are loosely connected to each other. In 
the case of combustion engines and tiger 
roars, the simile is quite literal in that they 
share timbral qualities with each other; 
many people before me have pointed this 
out in comment sections of animal clips on 
YouTube (e.g. Jamison, 2018). Converting 
these metaphoric framings into actualized 
expressions of synthesized audio resulted 
in abstract and zoomorphic ideas. Namely, 
animal synths and morphs (Section 5.2.5 
and 5.2.6), Concept C (Section 5.3.3), and 
Concept D2 (Section 5.3.5). This was, 
retrospectively, a challenging but also fun 
and rewarding tool for novel design.

Education researcher Neville V. Scarfe 
(1962, p. 120) once expressed that “the 
highest form of research is essentially play.” 
Indeed, this also applies to the practice 
of design. Unfortunately, there can be a 
hesitancy from employers during ideation 
and early design stages to such playful 

“The highest form of 
research is essentially 
play.”
    —Neville V. Scarfe 
       (1962, p. 120)

U
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activities that might ultimately not amount 
to anything tangible in terms of directly 
useful output (Kolko, 2006). But such 
hesitancy is counterproductive to creative 
thinking because in the way designers 
reframe current and past experiences in 
their problem-solving abilities, both de-
liberately and unknowingly (Dorta et al., 
2008; Schön, 1983). So, with this idea of 
play in mind, it is not with complete regret 
I look back on the exploratory—perhaps 
indulgent—and sometimes bizarre warning 
signal design activities in this thesis; spe-
cifically with regards to ideation using 
synthesized animal sounds via sampled 
wavetables and the morphed combinations 
that followed using natural samples of 
threatening animal sounds.

4.8.3 Concept development 
(discussion)

More steps toward user feedback could 
have been taken during the concept de-
velopment stage to ensure reliability and 
validity. An iterative and incremental work-
flow is native to sound design in the way 
sounds are looped and shaped continuously. 
Here, design changes happened mostly 
on a detail-level based on personal intro-
spection and incubation. Iterations on 
a wider level, or even new ideas, could 
have been prompted more via feedback 
from others. For example, workshops with 
prototypes of low-fidelity, e.g. sonically 
augmented videos, or exploratory studies 
on what type of sounds and parameters 
contribute to certain emotional responses, 
e.g. studies of looming or threatening 
sounds. This lack of external input was a 
shortcoming on my part, as I was hesitant 
to conduct a workshop with lesser, not yet 
fully formed concepts.

This hesitancy is somewhat ironic 
considering the picture Rocchesso et al. 

(2015) paint of industrial sound designers, 
in that they typically refrain from 
sharing preliminary sketches with other 
departments and prefer to only present 
highly refined realizations. Although, in 
my case, feedback about concepts in-
progress was informally gathered from 
discussions with project supervisor Johan 
Fagerlönn and his coworkers at the offices 
of RISE Interactive in Piteå. Nevertheless, 
the underpinning ‘design rationale’ for the 
resulting concepts was based on my own 
design intuition. Or rather—given that 
design intuition is not random—based on 
my personal reframings of past as well as 
new experiences and knowledge acquired 
during the project, and more specifically 
from reviewing previous warning design 
literature and its derived guidelines.

Mixing and post-processing have a 
crucial effect on the perception of sounds. 

The concepts were mixed indoors at 
relatively quiet office noise levels, which 
is not at all the intended context for the 
signals. Therefore, an interesting re-do of 
this mixing activity could take place in the 
midst of an urban soundscape, perhaps 
seated at an outdoor café near a busy 
street or at a pier on a particularly windy 
day. That said, a recording of wind noise 
was occasionally toggled inside the DAW 
to identify masking issues. But such tricks 
are hard to make ecologically valid, as 
noticed during my trip to the sound studio 
at Scania Technical Centre where a three-
dimensional soundscape was simulated 

An interesting re-do 
of the mixing process 
would take place 
in a noisy, outdoor 
environment.
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using loudspeakers as well as during my 
field listening; the higher frequencies in my 
designs were relatively masked more easily 
than the lower, vibrotactile ones—perhaps 
as a result of mixing them in a quieter 
context.

4.8.4 Evaluation (discussion)

The same can be said for the evaluation 
stage as for the ideation and concept de-
velopment stages; more user-participatory 
activities could have been used to improve 
the reliability and validity of the resulting 
warning signal designs. While Concept A 
(Brass Earcon) and the choice of design 
mediator each showed promising aspects 
in the interior study by RISE Interactive, 
particularly the impression of the bone 
conduction headphones, the other four 
concepts have not been systematically 
assessed on the same level. The five resul-
ting concepts have not been evaluated in 
relation to each other by external, non-
familiar sources in a rigorous setting, but 
only assessed by my own intuition and 
literary reasoning (section 5.4.1 and 5.4.4). 
However, the video demonstration during 
the open house at RISE Interactive offices 
(section 5.4.3) did give external input to 3 
of the 5 warning designs from people who  
were not familiar with the context and 
project but not to the same, rigorous extent 
as the study at Scania Technical Centre in 
Södertälje was able to (section 5.4.2). 

Further recommended evaluation of 
the results and topics from this thesis is 
discussed in section 6.3.
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Chapter five presents the project results in chronological order of activities. Starting with the 
resource-gathering during the context immersion stage, onto the generative and inspiration-
inducing activities during the ideation stage, from which more detail-oriented design took 
place during the concept development stage, and ending with an assessment of proposed 
solutions during the evaluation stage.

5.1 Context immersion

The first stage in the design process was 
about gaining a deeper understanding of 
the users—what kind of cyclists are there 
and what do they typically experience? 
Apart from the critical use cases derived 
from reviewing relevant literature on 
cyclist accidents, this stage aimed to 
broaden the understanding of users on a 
more empathetic level. Namely, via user- 
centered methods such as personas and 
analysis of user-centered—quite literally—

video resources which in turn resulted in 
three different sets of user stories.

5.1.1 Questionnaire

A questionnaire about habits and safety 
aspects of cycling was created using Google 
Forms. The questionnaire was distributed 
via three online avenues: a Swedish discus-
sion board for cyclists; randomly selected 
student email addresses at Luleå University 
of Technology; and a social media post. 
The questionnaire gathered 164 responses. 

Results
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The only query of demographic type asked 
about respondents’ age group, of which 
there was a roughly even spread between 
the groupings 15–24, 25–34, 35–44, and 45–54 
years old (Figure 39). Only two respondents 
were above 55 years old. University 
respondents skewed heavily towards the 
younger age groups, whereas respondents 
from the online forum skewed more 
towards the middle ages.

Three out of four (77%) respondents 
estimated that they spend most of their 
time biking in urban environments, while 
the remaining (23%) bicycle the most in 
the countryside. Half of the respondents 
reported to never use earphones while 
bicycling (n=74). Young people tend to use 
earphones ‘often’ (35%) more than middle-
aged people (15%) when biking. Intensive 
music (pop, rock, and dance) was the most 

common listening choice (73%) followed 
by spoken content such as podcasts (37%). 
A backpack or bag (n=114) was the most 
popular choice of clothing or accessories 
used when biking, followed by a helmet 
(n=100). A third of respondents (32%) 
use some form of technological health or 
performance accessory when biking, such 
as smartwatches or bike computers; these 
users were mostly of ages 35–54. Sports 
glasses were also common (29%). A free-
form text field provided outlier answers 
such as life jacket, bicycle shoes, and 
fluorescent clothing.

Those who biked more often in the 
countryside had a higher helmet usage 
(79%) compared to the majority of 
respondents which biked most often in 
urban environments (56%). Almost two 
thirds (60%) of the respondents were 

Figure 39: Results from Q1, Q2, Q3, and Q4 in the 
web questionnaire.
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self-reported helmet users (n=100). This 
percentage is well above the Swedish 
average of 36% (The Swedish Transport 
Administration, 2017b). But, just as with 
the national statistic, there are variances 
depending on the group of cyclists; only 7 
of the 100 helmet users were aged 15–24 
whereas the age groups of 35–44 and 45–54 
each had shares close to 35%. Cyclists who 
wear helmets use earphones less; 59% said 
never and 17% said rarely. Non-helmet 
users tend to use earphones more; 38% said 
often and 15% said occasionally.

A semantic differential scale asked 
respondents to estimate their perceived 
sense of safety when biking in traffic; the 
results skewed positively toward the 5 and 6 
ratings (both at 27%). 7% gave the highest 

rating of perceived safety. No one responded 
with the most fearful rating. The ratings of 
safety or fearfulness were somewhat simi-
lar between helmet users and non-helmet 
users (Figure 40). Non-helmet users gave 
more ratings of 6s compared to those with 
helmets (33% contra 24%). Further, non-
helmet users gave fewer ratings of 2 s than 
helmet users (2% compared to 8%). These 
results suggest that non-helmet cyclists 
perceive themselves to be safer in traffic 
than helmet users—perhaps explaining the 
non-use of a helmet in the first place. The 
ratings between age groups also differed. 
Younger people of 15–24 years old gave 
fewer ratings towards the fearful end of the 
scale, 1 to 3, compared to the middle-aged 
group of 35–44 years old (2% contra 13% in 

Younger people (15–24) had less 
ratings of 1, 2, 3 than older people.

Non-helmet users felt, on average, 
more safer than helmet users.
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their ratings of 2 s).
People self-reported to ‘often’ (37%) 

or ‘always’ (28%) show their intentions 
in traffic when biking, such as gesturing 
an upcoming turn with one’s extended 
arm. Ratings for rarely or never showing 
intention were low (8% resp. 4%). Non-
helmet users had a wider distribution in 
their ratings of showing intention in traffic, 
and less so towards ‘always’ and ‘often’ 
compared to helmet users; non-helmet 
users could, in this regard, be considered 
more reckless than those with helmets. 
The following query asked respondents 
to estimate how often they look over their 
shoulder before a turn or lane change. No 
significant difference in rating was found 
between helmet and non-helmet users;  
few respondents self-reported to ‘never’ or 

‘rarely’ look over their shoulder in traffic, 

and the bulk of the results were either 
‘always’ (71%) or ‘often’ (24%).

Respondents were asked to choose 
common occurrences in traffic of which 
they particularly focus on when biking, e.g. 
vehicles in the driving lane, pedestrians, 
roadblocks, road conditions, parked cars, 
navigation for one’s route, etc. (Figure 41). 
There were three stand-out picks: vehicles 
in the driving lane (n=126), cyclists and 
pedestrians (n=121), and crossing paths 
(n=98). Non-helmet users, as well as the 
age group between 15–24 years old, focus 
relatively less on roadblocks, parked cars, 
crossing paths, traffic lights, and navigation. 
The same two groups focus more on the 
content in their earphones compared to 
their counterparts (3% for helmet users and 
20% for non-helmet users). Comments via 
the open text entry included focus items 
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Figure 41: Results from Q7, Q8, and Q9 in the web questionnaire.
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such as trucks, ice, dogs, and “it depends on 
the situation.”

The final two questions asked about 
respondents’ attitude towards new safety 
technology. First in the broader and famil-
iar context of traffic, giving an example of 
parking systems in cars. Respondents were 
then asked of their disposal towards new 
safety technology for cyclists. The results 
were similar for both questions: roughly 3 
out of 4 respondents were positive towards 
the idea of new safety technology, and close 
to 1 out 4 of were ‘not sure.’

5.1.2 Video analysis

Approximately 150 shorter video clips of 
cyclist footage were watched during this 
activity. The videos analysis resulted in an 
aggregated document, where each entry 
consisted of a title, a video link, a short 
description of events, a telling screenshot 
of the scenario, and further observational 
comments. The videos watched were not 
long and uninterrupted biking sequences 
of job commutes. Rather, the sensational 
aspect of online video sharing made it 
surprisingly easy to find shorter clips of 
isolated and eventful biking scenarios, 
such as near-miss collisions or otherwise 
hazardous situations. This modern trait of 
how online services promote certain kinds 
of content based on popularity algorithms 
consequently shifted the video collecting 
towards the negative and dangerous kind—
fitting given the thesis project is ultimately 
about cyclist safety.

There is no tangible outcome from 
this activity other than an incrementally 
written notation document. Such notations 
and insights gathered from observing 
naturalistic cyclist scenarios later became 
an inspirational resource when analyzing 
cyclist needs and objectives in the next 
activity. Namely, via creating user stories.

5.1.3 User stories

User stories is a method for expressing 
user needs and desired system features 
in a granular way. Typically, a user type 
with a specific objective and motivations 
is personified in one sentence from a first-
person perspective: “as a [role], I want [goal], 
so that [benefit].” Here, this method was 
adapted to express the needs and objectives 
of cyclists. A total of 46 user story cards 
were made. Three categories (Figure 42, p. 
114) of varying urgency and criticality were 
used to organize them: conflict situations 
(red); awareness & hazards (yellow); and 
environment & practices (green). The user 
stories were synthesized based on natu-
ralistic findings from previous activities 
and were accompanied by a fitting image,  
often taken from the video clip the user 
story was based on. The whole set of user 
story cards can be seen in Appendix C.

Ultimately, this thesis project came 
to focus solely on collision warnings. 
Hence very few of the user stories created 
are addressed by the final design results. 
Nevertheless, these ‘untapped’ user sto-
ries could potentially be used in future 
developments of smart bicycle helmets—
there is far more to the biking experience 
other than dodging vehicles from left and 
right. For a product to mass-appeal to 
users, it has to speak to them on all levels 
of interaction—joyful, useful, as well as 
protective. The user stories created during 
this activity can act as springboard devices 
for generating ideas for other types of 
interactions within the biking experience. 
For example: awareness alerts, such as 
when vehicles from behind begin an over-
taking; navigational cues, e.g. when finding 
bicycle parking space or efficient routes 
around unexpected road construction; or 
perhaps weather updates concerning haz-
ardous road conditions, e.g. in the event of 
black ice. 
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5.1.4 Personas

Personas are archetypal representations 
of users. Four personas were fictionally 
created after reviewing sociological and 
demographic literature, and they repre-
sent the following types of cyclists: the 
passionate one, the convenient one, the 
electric one, and the load-bearing one. All 
four personas are found in Appendix D.

No human–computer interface can ac-
commodate and satisfy every single type 
of user equally; this notion is particularly 
true for cyclists considering their broadness 
and diversity. A primary persona was there-
fore chosen, or rather an archetypical user 

whom the product—more specifically the 
collision warning designs of this thesis 
project—is directed the most to. Monika  
(p. 115) was chosen as the primary persona: a 
50-year-old, helmet wearing, recent owner 
of an electrically assisted bicycle who lives 
in the inner city of Gothenburg. Electric 
bicycles are expensive, and the presumption 
is that they are a substitute for transport 
in urban environments for those within 
acceptable commuting distances. One could 
argue that a future, ‘smart’ bicycle helmet 
capable of alerting a user of its dangerous 
surroundings would be the next step for 
Monika in strengthening her identity as a 
modern and commuting cyclist.

”
“

Blind spots at intersections
User Story 

As a cyclist, I want other road users to be aware of 
my presence just as I am aware of theirs, 
particularly larger vehicles given their blind spots, 
so that I can safely cross intersections in scenarios 
when I have a vehicle waiting to make a right-turn 
beside me.

”
“

Car catching up from behind

As a cyclist, I’d appreciate having more awareness 
of vehicles behind me, and how their speed relates 
to mine — I’d further appreciate being able to 
anticipate their eventual overtaking as well as be 
able to tell if the current road margins allow for it 
safely.

Hazards & Awareness
User Story 

”
“

Roadwork and its
consequent diversions

Environment & Practices
User Story 

As a cyclist, I’d like to know if my current path will 
become unavailable later on due to roadwork so 
that I can avoid being forced out into main road and 
feeling unprotected in an often improvisatory, 
riskful tra�ic environment.

Con�ict
situations

Hazards and
awareness

Environment 
and practices

x 16

x15

x 15

Figure 42: Three examples of user stories, one of each category, created during the context immersion stage.

Figure 42: Three examples of user stories, one of each category, created during the context immersion stage.



While living in Gothenburg, Monika has never really 
needed to utilize her old drivers license. She used to take 
the tram everywhere she went in the city as she found it to 
be more convenient in her circumstances. It wasn’t until 
recently that came to change. Monika’s family and closest 
circle of friends pooled together for her 50th birthday and 
gave her the Swedish Christmas present of the year — an 
electric bicycle. 
 Through this unexpected present, Monika has 
rediscovered the joy of biking, triggering memories from 
her youth, and has since not only been using its electric 
powers for commuting and shorter errands but also for 
longer, recreational trips. There’s a sudden spring in 
Monika’s step, and she has as a result been encouraging 
her circle of friends to come along biking with her.
 Biking as the modern citizen at higher speeds 
than what her childhood experience can recall, among 
other vehicles with even higher speeds, isn’t completely 
problem-free. The fast, urban tempo of her big city does 
occasionally get to Monika when biking, which stresses 
her out and sometimes deter her from choosing routes 
where she knows she will expose herself to busy tra�ic. 
While Monika has a fundamental understanding of the 
tra�ic rules and where you can and cannot ride, she would 
rather avoid such paths for her own peace of mind. She 
prefers to ride on wide, designated bicycle paths where 
she can safely pass by — or be passed by — other cyclists, 
rather than the main roads shared with larger vehicles.
 Although bicycling everywhere has given Monika 
more freedom, it has also introduced a temporary storage 
problem for her. Since becoming a thriving cyclist, she has 
recognized a need for more readily available and protected 
parking for those with expensive and rechargeable bi-
cycles. For example, at travel nodes such as train stations 
when Monika travels by train to Stockholm to visit her 
sister on the weekends.
 Her tech-savvy son has suggested a mobile app 
as a tool to track her longer, leisurely bike trips to in-
centivize her healthy progress in a fun, modern way. But 
Monika will be the first one to admit she hasn’t sunk into 
all that smart-app stu� very much—although she does 
hope to someday.

End goals

»

»

»

»

Be less stressed in tra�ic; 
acquire better situational 
awareness and get used to the 
urban tempo of her city 

Feel more respected on shared 
roads; be able to safely but 
assertively take control of the 
lane to prohibit impatient and 
unnecessary car overtakings

Bicycle not only for functional 
purposes but also as a social 
and physical activity

Bicycle all year round

Sense of being active

Sense of safety

Sense of control

»

»

»

Experience goals

Live an active and prosperous 
life, leading up to her golden 
years and well into them

»

Life goals

50 years old
Gothenburg

Monika
PERSONA

115
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5.2 Ideation

The second process stage aimed to gen-
erate a wide range of ideas. The initial 
ideation activity took an unconditional 
look at different ways of communicating 
information to cyclists, both in terms of 
possible mediators and types of signals. 
Although mediators using the visual mo-
dality came up during the first generative 
activities, these kinds of solutions were 
never the primary modality in mind as 
cycling, and being in traffic in general, is 

already visually taxing as it is. Project em-
ployer and stakeholder RISE Interactive 
Piteå has, amongst other things, research 
interest in, as well as experience with,  
non-normative design modalities such as 
sound and touch. Naturally, the ideation 
stage in this thesis came to center around 
sound.

Then, as the project went on, the 
ideation came to focus solely on exploring 
a design space in which bone conduction 
headphones deliver warning signals to 
cyclists. A novel use of this mediator in-
troduced a tactile dimension to the design 

Figure 43: Initial and open-ended ideas generated during the first brainwriting activity using post-it notes.



117Designing multimodal warning signals for cyclists of the future

space, which made the ideation activi-
ties consider more multimodal designs of 
both sound and touch. This combination 
of modalities made the ideation space 
more complex in a way, as one sense  
affects the perception of the other and 
vice versa. This second stage was also 
characterized by experimentation and dis-
covery, as emulating vibrotactile stimuli 
through bone conduction headphones via 
deliberately strong low-frequency audio 
is a novel sensation. And possibly, a new 
occurrence in human–computer interface 
design, it would seem.

5.2.1 Brainwriting

Three brainwriting activities took place 
in different forms during this ideation 
stage. The first one was analog and semi- 
structured in that ideas were sporadically 
written down on post-it notes during the 
course of a two hour period (Figure 43). 
The second type was digital and occurred 
continuously throughout the stage via a 
formatted sheet with sorting attributes 
(e.g. metaphoric, iconic, or literal) in which 
ideas were documented. Incubation is 
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also an essential part of ideation, and 
the third type of brainwriting was done 
simply via a smartphone notation app; 
ideas would emerge during related or 
non-related activities, either provoked by 
external stimuli or incubation from earlier. 
Additionally, discussions with supervisors 
also stimulated ideation. 

5.2.2 Vibrotactile use of bone 
conduction headphones

After the initial brainwriting activity, a 
constraining design choice was made 
to focus on warning stimuli for bone 
conduction headphones (BCH). A dimen-
sion of tactile sensation was, in doing 
so, introduced to the design space given 
that a loud enough low-frequency audio 
signal is output via BCH. Previous design 
literature has seemingly not explored this 
novel, vibrotactile application of BCH. An 
explorative, mostly introspective, activity 
hence took place. It bears mentioning that 
only BCH models from one manufacturer 
have been used when designing sounds 
during this thesis; it is likely that the 
resulting warning signals are only appli-
cable, or can be heard as intended to be, 
with the use of these particular type of BCH 
models (e.g. Aftershokz Trekz Air).

An effective vibrotactile range was 
explored through sweeping a pure tone (a 
sine wave oscillator) up and down the lower 
frequency spectrum. It was found that the 
sensation of vibrotactile feedback is most 
prominent in the 70–150 Hz region, and 
subjectively most pleasantly so between 
100–130 Hz. The crossover point where 
the tactile sensations become completely 
subdued to the auditory sensations was  
hard to pinpoint but appeared to lie some-
where near 300 Hz when testing with pure 
tones. The auditory stimulus of a pure tone 
started to get piercing and annoying above 

250 Hz. The output amplitude of the BCH 
affected the strength and perceptibility 
of the tactile sensation, but seemingly 
not in a linear, one-to-one relationship; 
the vibrotactile effect only occurred pro-
minently at higher amplitudes and its exact 

‘perceptual onset threshold’ was hard to 
pinpoint.

The effect of timbre on the vibrotactile 
sensation was examined. Sine waves were 
perceived to elicit the smoothest type of 
vibrotactile effect. Low-pass filtered square 
and saw waves at 200 Hz with a 48 dB 
Slope did not elicit any significantly more 

‘rougher’ or ‘richer’ vibrotactile sensations. 
Which may not be surprising, considering 
the second overtone in the harmonic series 
is an octave apart from the fundamental, 
and likely not in the effective tactile range 
at 70-150 Hz. To specify: the fundamental 
of a saw wave at 98 Hz (G2) has its first 
harmonic at 196 Hz (G3) and its second one 
occurs at 297 Hz (D4) as per the harmonic 
series. 

A denser timbre in the low-end was 
explored via FM synthesis. Namely, by 
frequency modulating (FM) a sine wave 

with another sine wave set one octave and 
seven semitones below the carrier wave. A 
subjective sweet spot was dialed in where 
the amount of FM gave rise to three strong 
overtones in the frequency spectrum; for 

FM synthesis was 
used to create dense 
timbres in the low-end; 
a certain tuning was 
dialed in where the 
strongest overtones 
were set perfect fifths 
and fourths apart.
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an A note, the first loud overtone occurs at 
73 Hz (D2), the second one at 107 Hz (A2), 
and the third one at 145 Hz (D3); see Figure 
44. These overtones have musical pitch 
relationships of perfect fifths and fourths. A 
root note and a perfect fifth, here inverted 
as D and A, constitute what sometimes is 
called a power chord due to its consonant 
timbre. Here, attaining such harmonic pitch 
relationships in the low-end was intended 
by design; the intention was to make the 
sound—or vibration rather—more powerful 
and ‘rough’ in a pleasing (consonant) way. 
This complex timbre via FM synthesis was 
found to evoke a rougher tactile texture 
compared to the smoother one of a sine 
wave. When compared in a studio room 
with traffic noise from loudspeakers, the 
more complex FM timbre was also found 
to be more salient and resistant to noise 
masking compared to the pure tone. 

BCH work in stereo and lateralizing 
the emulated vibrotactile stimuli was ex-
amined. When low-frequency tones were 
panned toward one earpiece using inten-

sity differences, the vibrotactile sensation 
became clearly lateralized to either left or 
right side. Attempting the same with time 
differences was not nearly as effective. The 

‘phantom image effect’ (Pejrolo & Metcalfe, 
2017), i.e. the illusion of a panoramic space 
between two speakers, was also perceived 
for low-frequency audio via BCH. More 
interestingly, a ventriloquist effect for the 
vibrotactile sensation was noted: the im-
plied direction of the vibrotactile sensation 
was spatially modulated towards the inter-
polated lateral position of the auditory 
sensation, despite that vibrations via BCH 
are physically stationary to the location of 
each earpiece. This personal observation 
of ‘interpolated vibrations’ via BCH stands 
in contrast to the more rigorous findings 
by Tajadura-Jiménez et al. (2010b) who ob-
served the inverse perceptual phenomena 
where the perceived spatial position of 
sound was ‘captured’ towards the vibration 
location when sound and vibrations were 
concurrently presented (although via two 
modality-specific mediators and not BCH).

D1

73 Hz

D2

145 Hz

A1

107 Hz

–50 dB

–40 dB

–30 dB

–20 dB

–10 dB

0 dB

20 50 100 200 500 1k

Vibrotactile design
FREQUENCY SPECTRUM

Figure 44: FM synthesis was used to explore the crossmodal notion of ‘roughness’ via dense, low-end timbres; the 
particular timbre shown here was later used in the concept development stage.
Figure 44: FM synthesis was used to explore the crossmodal notion of ‘roughness’ via dense timbres in the 
low-end; the somewhat harmonic timbre shown here was later used in the concept development stage.
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5.2.3 Synth sketching

A bimodal, combined variant of earcons 
and tactons, i.e. abstract and often melo-
dically structured alerts, were designed  
for BCH using the software synthesizer  
Serum (Xfer Records, n.d.). This activity 
focused on emulating vibrotactile sensa-
tions via low-frequency audio and par-
ticularly ones with an implicit urgency. 
Spectral and temporal dynamics were 
explored to expressive ends in the synth 
sketching. The goal of this activity was to 
generate many, diverse ideas rather than 
a few detailed ones, much like thumbnail 
sketching in the visual modality. To ease 
this process, vibrotactile design resources 
gathered from VibViz (Seifi et al., 2015; Seifi 
& MacLean, 2017) were used as inspira-
tional templates for sound creation. 

The synth sketching resulted in 44 
abstract ‘icons’ of various auditory shapes 
and forms rendered to audio files. Many 
of which were saved with three variants in 
panning position: left-to-right, dead center, 
and right-to-left. Envelopes modulating 
the panning position of the oscillator was 
for some sketches used to create quick, 
dynamic movement from one side to the 
other. Various design artifacts from this 
sketching activity are presented in Audio 
1. Some shorter sketches are repeated once 

when played back. Click the play button to 
audition the audio file directly from this 
interactive document. Alternatively, down-
load the accompanying media files to this 
thesis and play the sounds remotely.

5.2.4 Collecting samples

Recordings of naturally occurring sounds 
were browsed via external resources in 
this activity; audio samples relevant and 
potentially useful to cyclists in conflict 
situations were collected. An auditory icon 
provides cues to a user about an object, 
function, or event (Gaver, 1989) and can 
perform well as intuitive identifiers for 
alarms (Sirkka et al., 2014). The piercing 
sound of car horns and skidding tires are 
previous examples of auditory icons for 
collision warnings in driving interfaces 
(Graham, 1999). While the prospects of 
‘smart’ bicycle helmets in C-ITS open up 
for many types of interaction—not only 
urgent ones—the sample browsing had two 
collision scenarios and use cases in mind: 
crossing paths (moving vehicle) and dooring 
situations (stationary vehicle). 

Pedestrians and cyclists alike use the 
perception of sound—if able to—to traverse 
more safely in traffic; people intuitively 
listen for the low-frequency humming of 
engines, the high-frequency crackling noise 

Audio 1: An excerpt of synth sketches with a focus on low-frequency, vibrotactile designs.

53 s

Audio 1

IDEATION—SYNTH SKETCHES

https://www.dropbox.com/sh/8w0xzeelldzv25p/AAD4W8hMdsPUCpdU9PJxp-K9a?dl=0
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of tires moving across gravel roads, and the 
whizzing wind noise of moving objects. An 
idea for a warning sound for cyclists was 
then to augment this perception of danger 
artificially. A sampled engine sound that 
accelerates aggressively and creates a 
noticeable rise in pitch, increasing saliency 
and thus its chance of being perceived, 
was thought to be a possible auditory icon 
to inform cyclists of a detected collision 
scenario. Recordings of accelerating cars 
and humming engines were therefore 
sourced out; the most iconic and distinctive 
ones were sampled into shorter audio files 
and excerpts of which are found in Audio 2. 

Another idea was based on the some-
what iconic, recognizable rhythm and 
timbre of car indicators (blinkers). In the 
context of vehicles, a blinker sound signals 
the direction of upcoming turns. The 
idea, here, was to remap the iconic ‘tick-
tocking’ of a blinker sound to signal the 
direction of oncoming, colliding vehicles. 
Unlike the sound of an engine, such a 
mapping relationship to the auditory icon 
is indirect and has to be understood by 
learned association. There is a potential 
risk of confusion and reduced saliency in 
using naturally occurring sounds in a user 
interface. A synthetic or indirectly mapped 
sound is more likely to register as some-
thing novel and proclaim the obvious that 
it is an alarm or message coming from 

the system and not the environment. Car 
blinker sounds as well as mechanical clock 
sounds, which car manufacturers them-
selves sample, can be heard in Audio 2.

In Sweden, local and important traffic 
information is announced on the radio 
by a quick volume drop-out followed by a 
short earcon composed of multiple brass 
instruments playing a discordant stac-
cato tone followed by a sustained one; a 
recording of this earcon can be found in 
Audio 2. Culturally associated or not, there 
does seem to be an inherent urgency to 
the timbre of brass instruments which, 
incidentally, also share timbral qualities 
with traditional car horns due to their 
similar physical designs. The ‘radio earcon’ 
inspired the use of brass instruments 
to convey danger to cyclists via indirect 
and cultural associations, i.e. via musical 
melody and the similarity in timbre to car 
horns which is further induced by the given 
context of traffic.

A metaphorical approach to sound 
design was also explored using sampling. 
Specifically via fierce animal vocalizations 
and using them to springboard metaphors 
of threatening events and the sound of 
oncoming vehicles. Here, the mimetic and 
conceptual design tools of zoomorphism 
(Abidin et al., 2008) and biomimicry 
(Goel et al., 2014) came to mind. People 
instinctively react to loud, sharp noises  

Audio 1: An excerpt of synth sketches with a focus on low-frequency, vibrotactile designs.

53 s

Audio 1

IDEATION—SYNTH SKETCHES

Audio 2: A sequence of tra�ic-related sounds followed by a sequence of various animal vocalizations.

1 m 50 s

Audio 2

IDEATION—COLLECTED SAMPLES
Animal vocalizationsTra�ic related sounds
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with a quick rise or ‘Attack’ time (Bradley  
& Lang, 2000) and certain aggressive ani-
mal vocalizations exhibit such acoustical 
characteristics. A common analogy is liken- 
ing the sound of car engines to the purring 
of felines (cats, lions, tigers, etc.). As 
such, externally sourced recordings of cat 
animals were sampled, roars as well as  
purrs, and later used in the design of 
collision warning signals as a metaphor 
for oncoming vehicles. Audio 2 includes 
excerpts of collected animal sounds.

5.2.5 Animal synths

The thread of drawing upon nature in de-
sign was continued in the following two 
ideation activities, as the samples of animal 
sounds were used as synthesis resources. 
The results in this activity stemmed from 
an initial and first humorously intended 
analogical questioning: what would a ‘tactile 
roar’ feel like? This crossmodal analogy 
did seem possible to investigate given the 
bimodal design space of both sound and 
touch attainable via BCH. The wavetable 
synthesizer Serum (Xfer Records, n.d.) was 
used to sketch and design such bimodal 
stimuli. Shorter audio samples of urgent 
animal vocalizations, such as purrs and 
roars, were imported to the synthesizer 
and converted into a sequenced set of 256 

different wave cycles (a wavetable). This 
process degrades the integrity of samples 
but also alleviates creative control in terms 
of sound shaping possibilities.

This synthesizer activity resulted in 35 
novel and abstract ideas of varying quality 
and usefulness. As it was ideation of the 
explorative and experimentative kind, the 
intent was to work fast and iteratively by 
sticking to design decisions non-critically 
before moving onto the next synth sketch. 
Provocation to stimulate creative thinking—
as De Bono (2015) would have it—and ‘happy 
accidents’ were attempted to be achieved 

by continuously posing a series of ‘what if ’ 
questions during the synth sketching; more 
practically speaking testing out different 
synth parameters and modulation sources. 
Some sounds became more interesting 
than others and some became sonically 
far removed from their sampled sources 
as a result of this explorative approach. A 
sequence of notable sketches from this 
activity is available in Audio 3.

Audio 3: A sequence of synthesizer ideas generated with wavetables derived from animal sounds.

1 m 02 s

Audio 3

IDEATION—ANIMAL SYNTHS

Humor and analogy 
were used to spur 
creativity: what would a 
tactile roar feel like?
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5.2.6 Animal morphs

The ‘animal synths’ (section 5.2.5) were 
deliberately shifted towards the lower, 
vibrotactile frequencies and not so much 
towards the defining frequencies in the 
middle and higher registers. Here, the idea 
was to create a novel type of threatening 
stimuli by combining the low-frequency 
designs of synths (Audio 3) with the mid 
and high-frequency presence of ecological 
animal sounds (Audio 2). But instead of 
straight-forwardly layering the two types of 
sounds on top of each other, a more novel 
approach was explored. The two types of 
sound, animal synths and samples, were 
blended using computational interpolation,  
cross-synthesis, via the software MORPH2 
(zynaptiq, n.d.) to create a unique, third 
sonic gestalt—‘animal morphs.’

This morphing activity resulted in 
a total of 259 artifacts of aggressive and 

urgent sounding timbres to be potentially 
used as a basis in warning stimuli design. 
As with the other ideation activities, the 
goal here was quantity and diversity rather 
than a few finely-tuned sounds. As a 
result, some combinations became more 
sonically interesting in timbre than others 
while certain ones ended up having very 
questionable usefulness and perceptibility 
due to the bizarreness of the morphing. 
Such a varied result is fine—more or less 
intended in this case—as the nature of 
this ideation activity, to begin with, was 
discovery. Kolko (2006) expresses the 
need for messiness and discovery in the 
design process; creating artifacts of which 
contributing value may not always be 
acknowledged by employers.

Two inputs and their third, cross-
synthesized result is demonstrated with 
three examples in Audio 4. Noteworthy 
animal morphs from this activity are 
sequenced in Audio 5. 

Audio 4: Three deconstructed animal morphs, showcasing the two inputs of each, separated by percussive hits.

15 s

Audio 4

IDEATION—ANIMAL MORPHS
B: Synthesized animal

x 3
C: Morphed animalA: Natural animal

Audio 5: An excerpt of ‘animal morphs’ synthesized by combining two inputs using previous ideation artifacts (Audio 1, 2 & 3).

1 m 14 s

Audio 5

IDEATION—ANIMAL MORPHS
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5.3 Concept 
development

Five concepts for multimodal warning 
signals are presented in this section. 
These characteristically different warning 
concepts and their range also make up 
the final project deliverable. No singular 
concept has been chosen as the definitive 
design for a collision warning for future 
cyclists, as further user evaluation and in-
tercomparisons are required. Concept A, 
B, and C are deployed once by the system, 
such as when an urgency level or collision 
trajectory has been detected. Concept B 
can express one level of urgency but in a 
total of eight directions. Concept A was 
designed with two urgency levels, and can 
express a binary lateral direction, either 
left or right, as well as a third, ‘centered’ 
direction. Concept C was designed with 
three urgency levels and can also express 
a total of three directions: left, right, and 
center. Concept D1 and D2 have a different 
feedback approach when a collision event 
is detected: these designs emit continuous 

‘dynamic warning signals’ which modulate 
procedurally, in real-time, per the urgency 
level of the environment. 

5.3.1 Brass Earcon

Concept A (Brass Earcon) comprise warn-
ing signals with a bimodal design of both 
an earcon, i.e. an auditory motif, and a 
corresponding tacton, i.e. a vibrotactile 
melody. Concept A is, as such, the most 
musical one of the five presented concepts. 
The auditory timbre is made up of brass 
instruments playing fanfare-like melodies, 
while the vibrotactile component is made 
up of a diffuse, low-frequency timbre 
which follows the same melodies but in a 
lower register. Concept A conveys, with 

this musical approach, warning stimuli 
in an abstract way. The warning signals 
denote their meaning indirectly—danger 
in the form of an oncoming vehicle. This 
concept was designed to be salient, close 
to annoying, to efficiently raise attention. 
Figure 46 (pp. 126–127) illustrates a design 
schematic of Concept A.

Rationale. It can be argued that brass 
instruments are naturally urgent and 
characterized by their ability to produce 
dense harmonic content with innately 

attention-grabbing envelope shapes, i.e. 
quick onset times much like the bark of a 
dog. Moreover, brass instruments have 
strong cultural associations to the notion 
of urgency; frequent applications include 
film scores, pop music, and the niche genre 
of news broadcast music. The iconic two-
note motif in Jaws (1975) main theme by 
John Williams effectively uses the billowy 
qualities of low brass and string instruments 
to denote the ominous and threatening in 
a musical sense (Burlingame, 2012). Brass 
instruments also share timbral similarities 
with car horns, due to their physical design, 
which further strengthens the cultural con-
vention of associating brass-like sounds 
with urgency.

Spatial design. Concept A was de-
signed to express two binary directions 
in the coronal plane, left or right, using 
interaural intensity differences (panning). 
A third variant with equal intensities in 
each stereo channel rendered a ‘centered’ 
direction. The problem of expressing a 
direction in the median plane, forward 

Brass instruments were 
used because of their 
urgent timbres and 
cultural associations.
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or backward, via stereo was attempted 
to be solved by taking advantage of the 
bimodal design space of BCH. The ‘front’ 
warning signal contained only the auditory 
component, the brass instruments, while 
the ‘back’ warning signal utilized both of 
the auditory and vibrotactile components. 
This design was motivated by the findings 
of Tajadura et al. (2010b) who observed 
bias for drivers to modulate the position of 
front sounds and concurrently presented 
vibrations towards their rear space.

Melodic design. Concept A was de-
signed with two urgency levels for each 
direction. If the cyclist is further away and 
has more time to react, the warning signal of 
lower urgency (U1) is deployed. If the same 
cyclist continues on their collision path, or 
a critical scenario suddenly emerges, the 
warning signal of the higher urgency (U2) 
is deployed. U1 is shorter and more static, 
whereas U2 is longer and more dynamic as 
it modulates its tempo over time to imply 
an acceleration of danger. U1 was based 
on a short motif of two notes; B followed 
by C. Pitch modulation upwards by one 
semitone was intended to naturally create 
an attention-grabbing effect. The pacing 
between the two notes is 263 ms, or rather a 
1/8 measure in the tempo of 114 bpm. 

U2 repeats a short motif of three notes, 
C to B to A, four times in an accelerated 
manner before ending on a C. The pitch span 
of U2 is somewhat tense in its use of major 
seconds and thirds; a deliberate attempt 
to musically convey a sense of urgency. 
Modulation of stimuli rate—changing how 
fast the three-note motif repeats—was 
used to drive the perception of increased 
urgency in U2. The arpeggio is modulated 
to go faster in an accelerating manner; the 
fourth motif is about half as long as the 
first one (Figure 45). Faster rates of stimuli 
positively affect perceived urgency without 
positively affecting perceived annoyance to 
the same extent (Marshall et al., 2007; Pratt 
et al., 2012). The design intention, here, was 
to create an effect of something picking 
up speed and implicitly coming closer in 
proximity—a musical metaphor for the 
cyclist rapidly approaching a collision event.

Main component. Brass instruments 
were sourced from a sampling library. 
Three layers were used: a primary lead 
brass, an accenting low brass stab, and a 
supporting melodica. Harmonization was 
used to thicken the timbre in a harmonic 
and salient way: the lead brass sound was 
harmonized with another one set one 
octave below playing perfect fifths; the 
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Figure 46: Performance data (MIDI) sent to various instruments in di�erent octaves and harmonies for Concept A: U2.

Figure 45: Performance data (MIDI) for Concept A: U2, output to different instruments in different registers.
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lower brass stab performed only the first 
note of the melody and added musical 
accentuation in an explosive manner; and 
the melodica played harmonies of perfect 
fifths. The vibrotactile counterpart to the 
auditory brass instruments was provided by 
a low-frequency timbre most prominent at 
110–130 Hz, the same FM synthesis design 
from section 5.2.2, which had been shaped 
more percussively with low pass filter 
modulation. The stacking of lower, middle, 
and higher frequencies created spectrally 
dense warning stimuli intended to be more 
resistant to masking in the noisy traffic 
environment.

Looming component. Both urgency 
designs are preceded by a ‘looming’ com-
ponent; a mainly low-frequency timbre 
which gradually onsets before the main 
part of the warning stimuli starts. It was 
created by processing the vibrotactile syn-
thesizer component with reverb and delay, 
reversing the rendered audio of that effect, 
and then volume-shaping that audio into 
a briefer ‘pre-stimulus’ component. The 
ramp-up duration of this sound is 234 ms 
long. This layer provides a diffuse and 
distant timbre in contrast to the more in-
your-face timbre of the brass instruments. 
The intention with this pre-component was 
to mitigate the eventual startle response 
which sudden warning stimuli may elicit 
due to their loudness, but also to imply 

something approaching via a gradual in-
crease in intensity both in the audible and 
vibrotactile frequency range. Kawachi et al. 
(2014) found that introducing a 20 ms pre-
stimulus could attenuate or even prevent 
the startle response to a loud auditory 
stimulus. 

Additional components. Two per-
cussive layers were layered into the mix 
and added transient ‘punch’ to the brass 
instruments: the sound of a blinker and a 
ticking stopwatch. These were set to tick in 
synchronicity with the brass melodies for 
both urgency designs. The ‘tail’ component 
of the primary brass instruments was aug-
mented with a granular delay send-channel 
set to pitch up each delay return with 38 
cents; the intention with this echo effect 
was to slightly extend the length of the 
warning signal in a relatively unobtrusive 
manner. Regular room reverb effects were 
also used in small send amounts to ‘glue’ 
all the different sounds together in one 
artificial but cohesive space.

Audio. Concept A (Brass Earcon) is 
presented in Audio 6 and comprises a total 
of eight warning signals. Four directions 
(front, back, left, right) each with two 
urgency levels. U1 of Concept A is 3 s long, 
reverb tail included, with an intense part 
lasting 600 ms. U2 of Concept B is 5 s long, 
reverb tail included, with an intense part 
lasting 2 s. Durations are approximate.

Audio 6: The four, spatial warning signals of Concept A compiled in sequence, each with two urgency levels (eight in total). 

Audio 6

39 sCONCEPT A—BRASS EARCON
U1: Right U1: Behind U1: Front U2: Left U2: Right U2: Behind U2: Front

U1: Left
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5.3.2 Speech Tacton

Concept B (Speech Tacton) comprise 
multimodal signals based on verbal 
warnings, where auditory speech signals 
were designed to be accompanied by a 
corresponding vibrotactile component via 
low-frequency audio; a design concept 
of crossmodality previously explored by 
researchers (Summers, 1992; Politis et 
al., 2014a). Our sensory system processes 
speech with bias and privilege, to both 
crucially useful as well as inevitably 
annoying ends. Speech-based interaction 
has, as such, been a frequent area of 
research and application in product de-
velopment, e.g. driver interfaces. ‘Speech 
Tacton’ comes verbatim from a similar 
approach by Politis et al. (2014a) who 
used separate stimuli devices for their 
multimodal collision warnings. Figure 47 
(pp. 130–131) illustrates a design schematic 
of Concept B.

Speech component. Text-To-Speech 
(TTS) was used to generate Swedish words 
and phrases: left, right, behind, front, ve-
hicle, door opening, watch out, and so on. 
The female voice ‘Astrid’ from IVONA was 
used. Female voices had generally higher 
urgency ratings than male ones in a study 
of warning signals (Hellier et al., 2002). The 
fundamental frequency of female voices 
is typically located one octave higher than 
the male counterpart (Ohala et al., 1997). 
Higher frequencies could be more masking-
resistant to the lower frequency humming 
of cars in traffic; the literature review did 
however not find any specific studies com-
paring the intelligibility of male and female 
voices in traffic environments. There is 
also a factor of cultural convention to this 
choice; a female voice for a computer as-
sistant is far from norm-breaking, evident 
by mainstream voice assistants such as 
Alexa (Amazon), Siri (Apple), and Cortana 
(Microsoft).

It was realized that ‘less is more’ when 
it comes to voice interfaces; the verbal 
warnings were through iterations shorten-
ed to only denoting the direction of the 
collision threat. A warning message that 
started as “Look out! Vehicle from behind to 
the left!” was later reduced to “Behind, left!”. 
Indeed, some expressiveness is lost with 
this reductive approach. It was reasoned 
that, in cognitively demanding conditions, 
simplicity is key. Bicycling, and being in 

traffic in general, is a complex activity that 
requires a lot of information processing; a 
warning system should strive to alleviate 
this complexity by raising situational aware-
ness but not via granularly attentive step-
by-step instructions. Hence the brevity of 
the verbal warnings in Concept B. 

Vibrotactile component. The idea for 
Concept B, given the bimodal design space 
of BCH, was to augment verbal warnings 
with corresponding vibrotactile sensations. 
A vibrotactile, low-frequency design was 
made to express three characteristics of 
the verbal warnings—rhythm, volume, 
and pitch. The vibrotactile, low-frequency 
timbre was created using FM synthesis in 
which a lower-pitched sine wave frequency-
modulated a carrier sine wave (the same 
patch as described in section 5.2.2). The 
performance data sent to the synthesizer, 
the pitch content, did not mimic the exact 
intonation of the speech signal but was 
rather exaggerated tonally by playing 
different musical notes timed with each 
syllable. The words for left and right in 

Audio 6: The four, spatial warning signals of Concept A compiled in sequence, each with two urgency levels (eight in total). 
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Swedish each use two syllables: ‘vän-ster’ 
and ‘hö-ger.’ Both of these words equated 
to two separate bass notes, or two pitched 
bursts of vibrotactile stimuli rather. For 
example, the warning phrase “Bakom, 
höger!” (behind, right) had a corresponding 

‘bassline’ of A – A# – G (Figure 48).
An amplitude follower was used to 

obtain the volume envelope of the speech 
signal (Figure 48) and routed to control 
a low pass filter placed on a synthesized, 
sustained low-frequency timbre. The side-
chained low pass filter made this timbre 
more rhythmic by modulating the filter 
cutoff point between 5 Hz to 300 Hz via 
the speech amplitude output. Additional 
percussiveness was attained by externally 
triggering a gate effect with side-chained 
drum samples; a transient bass drum or 
clap sound was placed manually in time 
with syllables. This flexible design which 
depended on the external input, i.e. the 
speech signal, was useful in an iterative 
sense as the timing of words, syllables, or 
even entire phrases changed over time. The 
pitch information of the low-frequency 
timbre via MIDI and the time alignment 
of the gate triggering drum samples did 
require manual editing, however.

Vocoders. An idea of warning stimuli 
with a wide and dense frequency range  
as to strengthen saliency and masking-
resistance in noisy environments was ap-
proached with layering. Similar to how 
Concept A used harmonization, the speech 
signal in Concept B was harmonically 
augmented with the use of two vocoders. 
A carrier signal consisting of either a synth 
pad or synth bass (sawtooth waveforms) 
were programmed to perform musically 
in time with the rhythm of the modulating 
speech signal. For example, in rhythmic 
alignment with the verbal warning “Bakom, 
höger!” (behind, right) a sequence of three 
chords was played: G – Amin – Gadd4/E 
(Figure 48). This vocoder configuration 

VOCODER CHORDS

“Bak”

G
“Hö-”

Am
“-ger”

Gadd4/E

VIBROTACTILE BASSLINE

“Bak”

A
“Hö-”

A#
“-ger”

G

AMPLITUDE FOLLOWER

“Bak” “Hö-” “-ger”

Figure 48: MIDI for the vibrotactile and vocoder 
components as well as the amplitude envelope of 
“Bak, höger!” [Behind, right] in Concept B.

“Bak, höger”
CONCEPT B
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yielded a robotic and unnatural timbre; it 
was not primarily designed for aesthetic 
reasons but rather to thicken the warning 
stimuli with frequencies that natural speech 
does not cover, resulting in a larger-than-
life effect when layered together.

Looming components. Two layers 
placed before the main stimulus were de-
signed to induce the impression of some-
thing approaching and ‘looming.’ One 
layer is of the same diffuse and gradually 
increasing low-frequency design as used 
in Concept A (234 ms). The other layer 
had a similar approach of gradual increase 
in intensity but using a timbre sourced 
from the speech signals. A slice of the 
first syllable was sampled and routed to a  
reverb effect with a long decay, which 
output was rendered, reversed, and shaped  
in amplitude to gradually increase just be-
fore the main stimulus. The sample slice 
differed depending on the first word; e.g. 
from the word “framför” (in front) only 
the “fra-” part was isolated. This resulted 
in an unnatural—almost eerie—way to 
gradually introduce a speech sound. These 
two preceding layers were designed with 
intentions to minimize potential startle re-
sponses caused by sudden, loud warning 
stimuli as well as to induce the impression 
of something looming.

Delay effect. A delay effect was used 
to accentuate the last word in the speech 
warnings; the lateral direction was repeated 

in a decaying, echo-like effect—“left! left, 
left, left…” This delay extended the duration 
of the warning stimuli to a less annoying 
extent compared to simply repeating the 
verbal warning one or two times. While 
echo effects naturally—as well as auditory 
caricatures—imply space and distance to 
listeners, the primary intention with this 
delay effect was information redundancy. 
Only the natural speech component was 
sent to this delay effect, and the vocoder 
and vibrotactile component were not.

Audio. Concept B, named Speech 
Tacton, was designed with eight warning 
signals of one urgency level: left, right, 
front, back, front–left, front–right, back–
left, and back–right. All of which can be 
listened to in sequence in Audio 8 (p. 134). 
The main components of Concept B—the 
speech, vocoder, and vibrotactile layers—
are deconstructed in Audio 7. Stimuli with 
single words have intense (vibrotactile) 
parts that last 500 ms. Stimuli using two 
words have intense parts that last 800 
ms. Including the preceding and fall-
off components, all warning stimuli last 
between 1.9–2.6 s. Warning signals in the 
left direction are 100 ms longer than the 
equivalent signal in the right direction due 
to the pronunciation of “vänster” (left) as 
compared to “höger” (right). The duration 
times in this section are approximate.

Audio 7: Three deconstructed warning signals of Concept B; isolated components followed by their combined result.

45 s

Audio 7

CONCEPT B—SPEECH TACTON x 3
Speech Vocoders Vibration Combined
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5.3.3 Primal Metaphor

An evoking similarity was noticed between 
the sound of combustion engines and the 
natural growling of felines (cats, tigers, and 
the like) during the sampling activity in 
the ideation stage; it is not uncommon for 
people to liken favorable engine hummings 
as purring. Visual designs evocative of ani-
malistic features is common practice in the 
branding and aesthetic direction of cars, 
as Monö (1997) and Abidin et al. (2008) 
point out. Such zoomorphism was applied 
in the sound design of Concept C (Primal 
Metaphor). Samples extracted from animal 
recordings were manipulated and com-
bined in a skeuomorphic manner to evoke 
the impression of a novel and threatening 
vehicle. The collision warnings of Concept 
C were designed after the naturally salient 
acoustic properties of animal vocalizations: 
quick but gradual intensity onsets; fluc-
tuation in pitch; the use of harshness via 
noise; and the use of ‘perceptually large’ 
timbres using low frequencies. Figure 49 
(pp. 136–137) illustrates a design schematic 
of Concept C.

Rationale. But why not simply play the 
sound of a car if that is the referent of the 
warning? Why the intermediary metaphor? 
To paraphrase Pirhonen (2014)—the power 
of the metaphor lies in its ability to manifest 

a concept in the form of another. It can, thus, 
be argued that an indirect and evocative 
type of warning signal is potentially more 
effective than a naturalistic recording of 
an engine sound. For two reasons mostly. 
For one, real recordings of vehicles were 
not deemed evocative enough of the 
acoustic mental model one might have of 
a stereotypical car; when field recordings 
of passing vehicles were auditioned during 
the sampling activity it was found that 
such sounds have a rather diffuse timbre to 
them. Secondly, the acoustic ecology has 
to be considered. By playing a true-to-life 
recording of a vehicle as a warning signal, 
chances are it will not perceptually stand 
out among the naturally occurring ones and 
especially during higher workloads such as 
when cycling.

Size-sound symbolism. The lower fre- 
quencies in the 50–200 Hz region of the 
manipulated animal samples have been 
processed to vibrotactile ends. The potent 
ferocity of a growling animal—or a vehicle 
metaphorically speaking—is not only heard 
but also felt in a tactile sensation with 
this novel use of BCH. This exaggerated 
intensity of lower frequencies lends itself 
well to another mimicking design approach 
grounded in nature: size-sound symbolism. 
Namely, animal vocalizations of lower fre-
quencies and rougher timbres are highly 
indicative of large and threatening animals 

Audio 8: The ten, spatial warning signals of Concept B compiled in sequence.

45 s
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(Ohala et al., 1997; Huron, 2012). The 
association of low frequencies with large 
objects is evident across species (Hinton 
et al., 1994). Here, the rough vocalizations 
of animals have been used to mimic 
the sound of an engine. Indeed, from a 
vulnerable road user’s perspective—say, a 
cyclist—the roaring sound of surrounding 
cars and trucks could be interpreted, in a 
metaphorical sense, as coming from big and 
threatening animals.

An onomatopoeic description of Con-
cept C goes something like “vraouu!” Its 
primary vowel moves from a low back/lax 
high [ɑʊ] vowel to resolving in a sustained, 
high back [u:] vowel. Point being, Concept 
C has a dominant back vowel and, more 
importantly, such type of vowels have 
low formant frequencies; [u] in particular 
with an average F1 of 250 Hz and F2 of 595 
Hz (Catford, 1988). The theory of size-
sound symbolism tell us that the lower the 
fundamental frequency, the larger the size 
of the vocalizer; further, the frequencies 
above the fundamental (F0) also give 
an indication of size, where low formant 
frequencies (F1 and F2) also indicate larger 
vocalizers (Ohala et al., 1997). Thus, using 
size-sound symbolism theory, the formants 
of Concept C correlate semantically with 
what the warning signals are referring to: 
a large object in the form of an oncoming 
vehicle.

Aversive design. Concept C was de-
signed to elicit arousal and negative con-
notations—and by extension self-protective 
behavior—via its use of threatening animal 
stimuli. A balancing act in terms of design 
as the warning signal cannot be fearful 
to the extent of completely immobilizing 
the user. Along with the metaphor to 
combustion engines and vehicles, Concept 
C was also conceived using the idea of 
affective driving interfaces (Larsson & 
Västfjäll, 2013; Ho & Spence, 2013). Briefly, 
such interfaces and warning stimuli could 

potentially be designed to intuitively prime 
better performance in critical situations by 
inducing aversive emotional states in the 
driver or, in this case, the cyclist. There are 
potent neurological grounds for such an 

affective design approach (section 3.10.6). 
For example, visual threat detection is 
processed in parallel with other cognitive 
processing (Öhman et al., 2001) and one 
could hypothesize that the same applies 
to threatening sounds. Aversive warning 
stimuli designed to take such ‘cognitive 
express lanes’ might be necessary con-
sidering the mental workload required by 
traffic.

Sampler component. The sampler 
synthesizer Iris 2 (iZotope, n.d.) was used to 
compose a novel, animalistic timbre. Three 
layers of animal samples were combined: 
a tiger snarl supplied the primary, low-to-
mid frequency timbre reminiscent of a 
combustion engine; a hissing sound from 
a cat provided noise and high-frequency 
sharpness; the onset of a tiger roar, which 
sounded like fabric being ripped apart, 
was layered for explosiveness. From the 
‘treasure trove’ of samples gathered during 
the ideation stage, a tiger snarl that felt 
powerful yet harmonious was picked to 
supply the main timbre. A seamless loop 
section was set via crossfades within this 
primary tiger snarl sample; this allowed 
for more control in terms of shaping its 
duration and frequency content over time 

Concept C took 
an aversive design 
approach by 
using threatening 
animal sounds to 
metaphorically denote 
oncoming vehicles. 

Audio 8: The ten, spatial warning signals of Concept B compiled in sequence.
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Primal Metaphor
Figure 49: Schematic design of Concept C.
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Primal Metaphor
Figure 49: Schematic design of Concept C.
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(as opposed to time-stretching the sample).
Tiger snarls can be quite musical, as it 

turns out. Or rather, the pitch relationships 
in the lower cluster of partials in the tiger 
snarl were harmonic. Figure 50 illustrates 
a spectrum analysis of the tiger sample; it 
has a fundamental tone of 59 Hz (A#1) and 
overtones at 86 Hz (F2), 116 Hz (A#2), 145 
Hz (D3) and 177 Hz (F3). These are musical 
pitch relationships of either perfect fifths 
(F2, F3), perfect octaves (A#2), or major 
thirds (D3). Although low-pitched and den-
sely voiced, this snarling tiger was more 
or less harmonizing an A#maj chord on its 
own—profoundly impressive by nature, one 
might add. This consonant harmonicity 
may explain why people find the auditory 
characteristics of larger cats, e.g. lions 
and tigers, to be so aesthetically desirable 
for vehicles—whether it is for larger-than-
life purposes in films (Kisner, 2015) or car 
manufacturers tailoring their engine and 
brand sound after their powerful timbres 
(Chang et al., 2017). 

Modulation specifics. The aggressive 
snarlings, hisses, and roars from animals 

naturally had quick but gradual onsets. 
This looming type of auditory motion was 
accentuated further with an envelope 
(ENV1) modulating the volume of all 
samples. A second envelope (ENV2) of 
a similarly looming shape was used to 
modulate the cutoff point of a low pass 
filter (12 dB/oct) upwards and make lower 
frequencies reach their full intensity before 
higher ones do; this was inspired by how 
distance perception in real-life acoustics 
work where higher frequencies dissipate 
before lower ones do (given equal starting 
energy). A third envelope (ENV3) was 
shaped to slope downwards with a decay 
time of 526 ms and no onset time (1 ms). 
ENV3 modulated the dry/wet amount of 
a reverb effect, introducing the signal by 
ramping down from only reverberations 
to none; this was yet another approach at 
designing something that is looming, as 
the diffuse timbre of reverberations is 
semantically tied to notions of space and 
distance.

A fourth envelope (ENV4) modulated 
three parameters: the low pass filter (LPF)
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Figure 50: Spectrum analysis of the tiger snarl used to evoke the sound of a combustion engine, later sampled in Concept C.Figure 50: Spectrum analysis of the tiger snarl used to evoke the sound of a combustion engine in Concept C.
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cutoff point, the pitch of the snarling tiger 
sample, as well as the amount of a distor-
tion effect. The shape of ENV4 was one of 
rise and decay, with a linear attack time 
of 356 ms followed by a convexly curved  
decay time of 1664 ms. The purpose was to 
impose an explosive and attention-calling 
timbral shape onto the signal: the LPF 
modulation accentuated the low-to-high 
spectral movement; pitch was modulated 
by to create an attention-grabbing effect 
and more of an animated characteristic; 
the distortion/saturation effect added 
more harmonics per its waveshaping and 
was modulated to create an initial, noisy 
explosiveness at the beginning of the sti-
muli. The idea of modulating distortion 
amount came from auditioning and sam-
pling animal roars; certain types of such 
sounds have—to intuitively jarring extents—
an impressive spectral density at their 
apexes, e.g. lion roars.

Two low-frequency oscillators (LFOs) 
were used for periodic motion. LFO1 used 
a downwards slope as its waveform and os-
cillated at a slower rate of 0.105 Hz. LFO1 
modulated the pitch of the engine-like tiger 
snarl sample in a range of five semitones 
upwards. This pitch-drift yielded a lively 
tonal effect, similar to how real engines 
drift in pitch slightly when idling. LFO2 
used a sine wave as its waveform and a 
noticeably faster oscillation rate of 7.6 Hz. 

LFO2 was set to create a tremolo effect by 
modulating the volume of the cat hissing 
sample, ranging from silence to unity gain. 
LFO1 modulated the rate of LFO2 which 
in turn resulted in an effect of deaccelera- 
tion. Here, another metaphor to familiar 
vehicle sounds was intended: the deaccel-
erating tremolo effect on the noise-like 
sound of a cat hissing was reminiscent of 
the characteristic rhythm associated with 
tires skidding on gravel.

Urgency and spatial design. Concept 
C comprises three urgency levels, as well 
as three lateral directions of left, right, and 
center via panning. Layering was used to 
modulate the perceived intensity of each 
urgency level; only the main, engine-like 
tiger snarl sample was used for the lower 
urgency levels of U1 and U2, whereas all 
three layers were used in the highest ur- 
gency level of U3; the cat hissing and 
tiger roar layers added a high-frequency 
harshness to the design, increasing its per-
ceived intensity and by extension urgency. 
Pitch modulation was also used, albeit 
subtly, to modulate perceived intensity; 
the original tiger snarl sample with a 
fundamental tone of 59 Hz (~A#1) was 
pitched up three semitones for U1 and 
U2 (69 Hz, ~C#2) and one semitone more 
so for U3 (77 Hz, ~D2). The tiger snarl 
sample was pitched upwards to place its 
low-end cluster in a more (subjectively) 
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Figure 50: Spectrum analysis of the tiger snarl used to evoke the sound of a combustion engine, later sampled in Concept C.

Audio 9: Deconstructed components of Concept C and its most urgent warning signal, followed by the combined result (U2).

11 s

Audio 9

CONCEPT C—PRIMAL METAPHOR
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effective vibrotactile range at 70–150 Hz  
for the specific BCH model used.

The warning signals of lower urgen-
cies, U1 and U2, were made to sound more 

‘distant,’ less ‘present,’ and by extension 
less urgent using post-effects. U1 made 
use of an effect sequence consisting of a 
low pass filter, a delay, and a reverb effect. 
The low pass filter attenuated harshness 
while also mimicked naturalistic distance 
perception; higher frequencies at distances 
attenuate sooner than lower equals due 
to shorter physical wavelengths (Blauert, 
1997). The delay and reverb combination 
made for a diffuse echo effect and was in-
tended to semantically suggest a distance 
to the implied sound source. U2 scaled 
back the aforementioned effect sequence, 
and thus became more dry and present in 
comparison. An reversed ‘animal morph’ 
artifact from section 5.2.6 was layered as a 
pre-stimulus slightly before the beginning 
of the main component of Concept C in 
U3 to accentuate its looming characteristic. 
This looming, pre-component yielded a 
momentary volume spike which reached 
above 0 dBFS, clipping the signal, and felt 
almost like a tactile ‘poke’ with BCH. 

Mixing. A multiband compressor, an 
equalizer, and a saturation effect was used  
in sequence to further sculpt the warning 
stimuli of Concept C in a way suited for 
BCH. The multiband compressor divided 

the spectrally wide signal into four regions, 
of which the low-end between 50–200 Hz 
was increased the most in loudness via 
compression and make-up gain in order to 
emulate a strong, perceptible vibrotactile 
effect with BCH. The following equalizer 
dealt with attenuating unwanted, loud re-
sonances in the middle-to-higher region 
as well as boosting those areas that felt 
effectful or aesthetically desirable, such 
as the ‘vibrotactile center’ at 110 Hz or the 
more engine-like growlings at 580 Hz and 
1100 Hz. The final saturation effect was for 
subtle enhancement and it ‘thickened’ the 
signal by adding further harmonics into an 
already rich timbre.

Audio. Concept C (Primal Metaphor) 
can with its three levels of urgency be 
listened to sequentially in Audio 10. The 
sound design of Concept C (U2) and its 
components are deconstructed in Audio 9 
(p. 139): the isolated layers of the processed 
tiger snarl, cat hiss, tiger roar, as well as 
the preceding and reversed animal morph 
snippet. The intense, low-frequency heavy 
parts of U1 and U2 last 600 ms. U1, with its 
longer reverb and delay tail, is 1.5 s long. U2 
lasts 1.2 s in total. The intense, vibrotactile 
part of U3 lasts 700 ms, and is 1.0 s long in 
total. Duration times are approximate.

Audio 10: The three, spatial warning signals of Concept C compiled in sequence, each with three urgency levels.

34 s

Audio 10

CONCEPT C—PRIMAL METAPHOR
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5.3.4 Dynamic Blinker

Concept D1 (Dynamic Blinker) and D2 
(Dynamic Growl) were based on the idea of 
procedurally generated feedback to users 
depending on the urgency level of their 
current situation—dynamic warning signals. 
This is unlike Concept A, B, and C which 
always deploy the same set of warning 
signals given a certain safety threshold has 
been crossed, pertaining to e.g. time-to-
collision (TTC) or perhaps a probability 
function (see Segata et al., 2017). The idea 
of sonification, expressing data with sound, 
is central to Concept D1 and Concept D2. 
They both express a notion of proximity 
via ‘pinging beacon’ stimuli; similar to 
how parking assist systems in modern cars 
use repeating beeps to express proximity. 
A design schematic of Concept D1 is illu-
strated in Figure 51 (pp. 142–143).

Rationale. Concept D1 used a car 
blinker for its pinging stimuli. More 
accurately, the ticking of a mechanical 
clock was sampled; a type of sound many 
car manufacturers chose for their blinker 
sound and what many people, given a traffic 
context, expect in their acoustic mental 
model of a typical blinker sound. Blinker 
signals differ between car manufacturers, 
some being more digital and tonal than 
others, but the fundamental, rhythmic 
sound design behind them remain the 
same—brief, percussive sounds that alter-
nate between two pitches: “tick, tock.” In 
the context of a car interior, the ticking 
of a clock signals one’s own upcoming 
turn. However, in the exterior context of 
cyclists and Concept D1, the referent of the 
blinker sound is not as direct and has to 
be remapped into signaling an impending 
collision event.

Urgency design. The tempo of 
the mechanical ticking was designed to 
intuitively convey the urgency of the sit-
uation; a faster ticking clock was mapped 

to equal higher urgency and less time to 
react. The tempo or rate of the pinging 
stimuli is the most prominent parameter 
modulating the perceived urgency in both 
Concept D1 and D2. Manipulating the rate 
of stimuli to modulate perceived urgency 
is a common approach in warning design 
(e.g. Marshall et al., 2007; Pratt et al., 2012; 

Politis et al., 2013). Changing the stimuli 
rate over time is somewhat of a design 
convention for encoding proximity in nav-
igational applications (e.g. Holland et al., 
2002; Wilson et al., 2007) where a faster 
rate of stimuli is often mapped to signify  
a shorter distance to an object (Van Erp 
& Van Veen, 2004). Concept D1 and D2 
continue to generate feedback after the 
potential collision event, e.g. the oncoming 
vehicle passes, and modulate their stimuli 
and urgency design ‘backward’ to inform 
and reassure users that the emerged danger 
is decreasing.

Spatial design. Panning was also 
modulated in a dynamic way. The idea, 
conceptually, was to track and interpolate 
the lateral direction of the oncoming 
vehicle via using the phantom image effect 
possible with two speakers. To exemplify: 
an oncoming vehicle passing by from left 
to right would translate to the warning 
signals also passing by from left to right 
via interpolation, shifting the intensity dif-
ferences between the ears, and in doing 
so potentially provide useful information 
to users about the threat’s location and 
trajectory. Such a design is different from 
Concept A, B and C where the direction is 
expressed statically (left, right, or center). 

Audio 10: The three, spatial warning signals of Concept C compiled in sequence, each with three urgency levels.

34 s
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beats, the more urgent 
it appears to be.



142 Chapter 5—Results

Dynamic Blinker
Figure 51: Schematic design of Concept D1.
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Dynamic Blinker
Figure 51: Schematic design of Concept D1.
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True spatialization has, however, neither 
been achieved for Concept D1 nor D2, as 
the issue of denoting “front” or “back” with 
stereo headphones was not resolved.

Main components. Concept D1 has 
two generative sound sources: a ticking 
clock timbre via the use of a sampler and 
a synthesizer providing low-frequency, vi-
brotactile stimuli. The latter synthesizer 
was of the same FM synthesis design as 
described before (section 5.2.2). These two 
received performance data (MIDI) from 
the one and same arpeggiator set to repeat 
an alternating pattern of two notes—“tick, 
tock”—pitched to D and A# in different 
registers; the synthesizer performed vibro-
tactile bass notes of D3 (147 Hz) and A#2 
(117 Hz) while the ‘blinker’ played auditory 
samples with fundamentals of D4 (293 Hz) 
and A#3 (233 Hz). The arpeggiator rate 
set the tempo for the repeating two-note 
pattern and was dialed to range between 
0.70 Hz (lowest urgency level) and 8.25 Hz 
(highest urgency level). Figure 52 illustrates 
a sequence of warning signals and the 
generated MIDI output, or tick-tocking, of 
that sequence, in which the urgency level 
gradually increases. 

The intensity of the low-frequency, vi-
brotactile stimuli was mapped to increase 

with the urgency level, as a means to 
gradually increase the multimodality of 
the warning. Because, multimodal warn-
ing signals yield faster response times 
and higher ratings of perceived urgency 
(Politis et al., 2013) and continue to do so 
in critical scenarios (Politis et al., 2014b). 
But multimodal warnings have also been 
rated to be more annoying (Politis et al., 
2013) and it has therefore been suggested 
to use unimodal signals for lower urgencies 
(Freeman et al., 2017). In a tactile navigation 
display, Jones and Sarter (2008) mapped 
an increase in vibrotactile amplitude to 
signify an increase in proximity. Hence 
the reasoning in this concept, where the 
blinker sound is first heard without its 
accompanying vibrotactile stimuli. 

Reverb component. Artificial rever-
berations generated from the blinker signal 
were mapped to reflect urgency and, by 
convention, a sense of distance. The blin-
ker sound is more reverberated at lower 
urgency levels, whereas more present with 
fewer reverberations at higher levels; the 
reverb send-channel decreases gradually 
in volume as the urgency level increases. 
The algorithmic reverb had a decay time of 
1.5 s. The reverb component brings mainly 
two benefits: aesthetic connotations to 
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Figure 52: A given sequence of dynamic performance data (MIDI) for Concept D1 where stimuli rate gradually modulates.
Figure 52: A sequence of performance data (MIDI) for Concept D1 where stimuli rate gradually modulates.
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spacious environments as well as increased 
redundancy. The sound of a ticking clock 
is short and percussive, and thus likely to 
be masked in noisy traffic environments. 
Reverb has the ability to extend the dura-
tion of sounds somewhat non-intrusively, 
creating redundancy. This ‘extension by 
reverb’ is not as needed at higher states 
of urgency, where the density and rate of 
stimuli increases.

Delay component. The blinker signal 
was sent in parallel to two delay channels 
where the send amount was mapped to 
increase with the urgency level. The delay 
output mixed together with the source 
signal created a hectic swarm of stimuli, 
blurring the auditory image. One delay 
was set to 234 ms and the other to 313 ms. 
Feedback was used to return the delay 
signal into itself, lower in volume, to create 
diminishing echoes. The two delay outputs 
were mapped to become only audible at 
higher urgency levels; the anticipatory 
trajectory per the modulating stimuli rate 
shifts towards something more chaotic 
due to the syncopated rhythm of the delays. 
People experience fluctuating sounds as 
unpredictable and they cause us, from a 

biological standpoint, to intuitively be on 
the alert for potential danger (Tsur, 2006) 
and this delay component was designed 
based on this notion.

Sonification design. A rationale for 
how the sound-generating and shaping pa-
rameters of Concept D1 should modulate 
with the urgency level was designed. A 
macro controller in the DAW was used to 
prototype such simultaneous parameter 
changes. This controller, ranging from the 
lowest to highest urgency level, was set 
to modulate the following parameters at 
the same time within certain ranges: arp-
eggiator rate, vibrotactile amplitude, reverb 
output, and delay output. This macro of 
urgency level is supposed to ‘sonificate’ 
data from the collision avoidance system, 
e.g. being mapped to the radial distance 
to the intersecting collision point or the 
value of a time-to-collision (TTC) function. 
The lateral position, the panning between 
left and right, was modulated manually 
in the DAW to fit vehicles’ position in 
the synchronized video scenarios which 
were used as a guiding backdrop. Video 2 
demonstrates Concept D1 and its dynamic 
urgency level graphically. 

Video 2. A demo of Concept D1, where the dynamic urgency level is mapped out visually at the bottom.

Dynamic Blinker

Concept D1: Demonstration of dynamic warning stimuli.

VIDEO 2
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Mixing. The timbre of the ‘blinker 
clock’ was further sculpted with audio 
processing. First, tape saturation and 
another distortion effect were applied to 
augment an aggressiveness to the other- 
wise tame clock sound, which technically 
meant clipping the waveform in a desirable 
way, creating harmonic overtones. The 
blinker signal was then pitched down one 
octave, giving it an impression of more 

‘auditory weight’ (or size, rather). Desirable 
tonal frequencies at 466 Hz (A#4) and 
3729 Hz (A#7) corresponding to the lower 
‘tock’ note were boosted using an equalizer. 
Excessive low-end energy caused by the 
previous distortion effects was removed by 
the same equalizer to make space for the 
low-frequency, vibrotactile component. A 
compressor was placed in last to control 
the inevitable loudness increase caused by 
the faster rate of stimuli at higher urgency 
levels.

Audio. A few sequences of Concept D1 
(Dynamic Blinker) are presented in Audio 
11. The duration, as well as the feasibility, 
of dynamic warning signals like Concept 
D1 and D2 hinge heavily on the limitations 
imposed by the mediating technology but 
also on any signal-obscuring geometry in 
the environment; an average duration, or 
possible detection range, was arbitrarily set 
to 5 seconds when working with Concept  
D1 and D2. 

5.3.5 Dynamic Growl

Concept D2 (Dynamic Growl) used a syn-
thesizer to design a procedurally gene-
rating sound source; it was designed to 
have an abstract, growl-like timbre with 
emphasis on low frequencies capable of 
emulating vibrotactile sensations via BCH. 
A crossmodally ‘rough’ timbre, in terms 
of both sound and touch, was designed 
to metaphorically evoke the notion of an 
engine sound—and by metaphoric means 
evoke the idea of an oncoming vehicle. A 
particular synthesizer configuration had 
been found during ideation where the a- 
mount of frequency modulation (FM) and 
periodic pitch modulation were envelope-
modulated; one that evoked connotations 
to the burst of a combustion engine similar 
to the onomatopoeic “vroom.” Concept D2 
was based on the idea of a pinging ‘beacon’ 
in which the stimuli rate is modulated to 
express a sense of proximity, where a faster 
rate implies closeness. A design schematic 
of Concept D2 is illustrated in Figure 54  
(pp. 148–149).

Arpeggiator component. Serum, the 
synthesizer, was sent performance data 
(MIDI) via an arpeggiator repeating a pat- 
tern of four notes: F – F# – F – G. Pitch 
modulation per note shifting was done to 
insert novelty and liveliness to the rough, 

Audio 11: Five dynamic warning sequences of Concept D1.

36 s

Audio 11

CONCEPT D1—DYNAMIC BLINKER
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frequency-modulated timbre and not nec-
essarily to melodic ends. While F2 (87 Hz)  
is at the lower end of the vibrotactile 
range for the pair of BCH used, the actual 
frequency output and ‘center of mass’ from 
the synth was closer to A2 at 108 Hz due to 
the FM. The arpeggiator rate, or the tempo 
of the stimuli, ranged between 0.60 Hz 
for the lowest level of urgency and 2.96 
Hz for the highest level of urgency (Figure 
53). While Concept D1 stayed the same for 
all levels of urgency due to its brief and 
percussive design, the shape of Concept D2 
had to change with urgency; a macro was 
set up which scaled synthesizer parameters 
according to the rate of stimuli.

Oscillator modules. Concept D2 used 
a synthesizer to procedurally generate its 
output. The idea was to design a bimodal 
and perceptually ‘rough’ timbre that cov-
ered frequencies both in the lower, vibro-
tactile range at 70–150 Hz with BCH as 
well as in the upper, only auditory range  
above 150 Hz. Two sine wave oscillators 
were set up in which one frequency mo-
dulated the other. The modulating signal 
was set a perfect fourth (−7 semitones) 
below the carrier signal. A perfect fourth 
is a pitch ratio of musical consonance, al-
beit somewhat dependent on musical con-
text, and tends to be assigned ‘pleasing’ 
or ‘powerful’ attributes when described; 
a characteristic which, here, helped to 

create harmonious sidebands (under- and 
overtones) when used as a oscillator pitch 
ratio in the FM synthesis. Figure 55 (p. 150) 
illustrates a spectrogram of Concept D2; 
take note of the dense streaks in the low-
end as a result of the FM synthesis.

Envelope modules. A burst of sound 
reminiscent of a combustion engine was 
attained by envelope-modulating the FM 
amount from 50% to 30% using a linear 
ramp (ENV2) with a decay time between 
193 ms and 1000 ms modulated per the 
urgency level. Further spectral movement 
was attained with ENV3 which modula-
ted the cutoff point of a low pass filter 
(12 dB/oct) from 51 Hz up to 13 kHz and 
back down to 51 Hz again with each note 
input. ENV3 also modulated the oscillator 
pitch as well. ENV3 was given a ‘swooping’ 
shape with an Attack time of 233 ms and a 
Decay time of 552 ms. ENV3 was also set to 
slightly modulate the wavetable position 
of the carrier oscillator, interpolating the 
sine wave towards a square wave and thus 
adding more sharp-sounding harmonics to 
the sound; a subtle effect, however, as the 
FM carried most of the overtone movement 
and design. The ‘swooping’ modulation of 
ENV3 is illustrated in the spectrogram of 
Concept C (Figure 55, p. 150). Both in terms 
of pitch movement in the low-end but also 
per the overall, triangular spectral shape of 
each stimulus.

Audio 11: Five dynamic warning sequences of Concept D1.

36 s

Audio 11

CONCEPT D1—DYNAMIC BLINKER
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Figure 54: MIDI output for a given sequence of Concept D2 where stimuli rate gradually increases and decreases.Figure 53: Performance data (MIDI) for a sequence of Concept D2 where the stimuli rate gradually modulates.
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Dynamic Growl
Figure 54: Schematic design of Concept D2.
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Dynamic Growl
Figure 54: Schematic design of Concept D2.
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LFO module. A low-frequency oscilla-
tor (LFO1) modulated the carrier pitch at 
a rate of 23.1 Hz, in an upwards range of 
5.5 semitones, per the shape of a ‘rounded’ 
sawtooth wave. This rapid vibrato resulted 
in an added ‘roughness’ or ‘aggressiveness.’ 
An oscillation rate of 23.1 Hz is at the low-
est end of our hearing range and moves 
way faster than a traditional vibrato effect 
(usually ~5 Hz). Such an ‘extreme’ vibrato 
effect behaves much like FM in that the 
pitch modulations go by so fast that one 
cannot perceive the pulsating motion but 
instead experience a spectrally denser—and 
arguably rougher—sound due to the added 
harmonics. The resulting ‘roughness’ from 
such an extreme vibrato effect has ties to 
size-sound symbolism and what occurs 
in nature: a more massive vibrating mem-
brane, which indicates a larger vocalizer, 
is more likely to produce secondary vibra-
tions that occur more irregularly which re-
sult in a more rough, non-harmonic voice 

quality (Tsur, 2006).
Synthesizer macros. Two synthesizer 

macros were set up in Serum to control 
multiple parameters within certain ranges 
in a unified way. The WARBLE macro con-
trolled the amount of pitch modulation by 
LFO1. The effect of additional harmonics 
created by LFO1 was mapped to urgency 
level using the WARBLE macro, where the 

‘roughness’ of the extreme vibrato effect 
increases dynamically over a period of re-
peated stimuli as the urgency increases. A 
macro named PITCH controlled the range 
which ENV3 modulated the carrier pitch 
and was set to range from 12.7 semitones to 
16.5 semitones. A macro labeled LENGTH 
controlled three parameters of envelope 
generators: the Attack of both ENV2 and 
ENV3 as well as the Decay of ENV2. The 
parameter ranges set for LENGTH were 
tailored after the stimuli rate; the envelopes 
were shaped to have longer durations at 
lower states of urgency where the pinging is 
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sparse, and conversely shorter durations at 
higher states of urgency where the stimuli 
rate is denser (Figure 56).

Bandwidth modulation. Additional 
processing was applied to further sculpt 
the procedurally generated stimuli, both 
in general tone but also dynamically over 
time. The cutoff points of a low pass (12 
dB/oct) and a high pass (18 dB/oct) filter 
were respectively mapped to the urgency 
level in a dynamic way. The high pass filter 
modulated the ‘presence’ of the pinging sti-
muli and its cutoff point ranged between 
246 Hz, at the lowest urgency level, and 
6049 Hz, at the highest one, gradually in-
troducing more higher frequencies along 
the way. Likewise, the low pass filter cutoff 
was modulated with urgency, also starting 
at 246 Hz and then moved down to 10 Hz 
at the highest urgency level, gradually 
passing more lower frequencies through 
and thus, initially, gradually increasing 
the vibrotactile response from the BCH. 
Modulating, and revealing, the bandwidth 
like this was motivated in part by size-
sound symbolism theory—in which lower 
frequencies are highly indicative of larger 
objects (Ohala et al., 1997)—as the relative 

‘size’ of oncoming vehicles increases as the 
collision event draws nearer.

Bitcrush component. Next, a multi-
band distortion unit was applied. A lower 
band between 20–830 Hz was set to be-
come more tape saturated (harmonically 
distorted) as the urgency level increases. 
An upper frequency band between 830 
Hz and 20 kHz was set to become more 
‘bitcrush’-degraded with the urgency level. 
The bitcrush distortion created piercing 
overtones by reducing the sample rate 
and bit depth in the frequency band. The 
produced overtones, or distortion artifacts, 
occurred in pairs of two at 5560 and 7000 
Hz as well as 11840 and 13460 Hz. The 
intent was to raise the perceived urgency 
level by introducing sharp and typically 
annoying auditory characteristics in the 
warning stimuli as the collision becomes 
more imminent; an idea sprung from the 
positively correlating urgency–annoyance 
relationship (Marshall et al., 2007). The 
dry/wet mix was modulated to make the 
piercing overtones more apparent as the 
situation grows more critical.

Reverb component. A reverb effect 
was applied to create a sense of space and 
by association an impression of distance 
(to danger). The reverb amount decreases 
as the urgency level increases; this dynam-
ic mapping provides a perceptual effect of 
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something becoming more ‘present’ which 
in this context was intended to signify a 
shorter distance to danger. The dry/wet 
mix of the reverb was set to modulate 
from 85% at the lowest urgency level to 
0% at the midpoint urgency level and 
beyond. At lower urgency levels, the input 
initially comes from a band-passed signal 
at 246 Hz, resulting in thin-sounding and 
diffuse reverberations; this rumbling and 
later evolving timbre helped augment the 
looming characteristic of Concept D2. The 
digital, algorithmic reverb had an overall 
decay time of 1.93 s but was modified to 
decay faster at 580 ms in the low-end below 
230 Hz. A post-equalizer was used to filter 
out excessive low and high frequencies 
from the reverb signal.

Tonal shaping. A multiband com-
pressor unit was placed after the reverb 
effect. A compressor adjusts the volume 
dynamics of a signal based on given input; 
a multiband unit splits the signal into 
multiple frequency bands and processes 
them differently. This allows for more 
control over loudness and tone; especially 
useful here since the synthesizer patch 
was designed to cover a wide range of 

frequencies. The signal was split into 
four frequency bands which covered the 
low-end, lower-mid, upper-mid, and top-
end. A more present sound was dialed 
in by balancing the frequency bands; e.g. 
frequencies at 1 kHz were brought up in 
the mix via a relative loudness increase. 
Compression and make-up gain in the mid 
and high regions accentuated the spacious 
timbre caused by the reverb effect.

Spatial design. The direction of 
the oncoming vehicle was implied using 
interaural intensity differences (panning). 
Just as with Concept D1, the idea was one 
of dynamic lateralization: users are given 
a more detailed image of the oncoming 
vehicle’s lateral position and its trajectory 
by interpreting the modulating intensity 
differences between the left and right 
stereo channels in the warning signals. 
The panning utility was placed last in the 
processing chain and was set to range 
from hard-left to hard-right, representing 
the 180-degree span between the normal 
directions to each side of the head. Like 
with Concept D1, this lateralization tech-
nique of using intensity differences offers 
no solution to the front-back issue.

Video 3. A demo of Concept D2, where the dynamic urgency level is mapped out visually at the bottom.

Dynamic Growl

Concept D2: Demonstration of dynamic warning stimuli.

VIDEO 3
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Sonification design. Design parame-
ters were mapped to a macro controller 
made to represent a dynamic urgency level, 
ranging from low at the edge of threat 
detection to high at the most critical point. 
The DAW was used to prototype and find 
appropriate parameter ranges. The dyna-
mic urgency level could, using data from 
a collision avoidance system, ‘sonificate’ 
the triangulated distance to an estimated 
collision event or perhaps a proximity-to-
danger radius. The following parameters 
were mapped to the macro of dynamic 
urgency level: arpeggiator rate, LENGTH 
macro, WARBLE macro, PITCH macro, 
reverb mix, bitcrush mix, and the filter 
bandwidth via two respective cutoff points. 
Video 3 (p. 152) demonstrates graphically, 
on a slider, the dynamic urgency level of 
Concept D2 in response to appropriate 
traffic scenarios. 

Audio. Five sequences of Concept D2 
(Dynamic Growl) are found in Audio 12; 
including one where the warning signals 
never reach the highest urgency level but 
rather ebb out as the collision threat dis- 
solves itself halfway. The duration of dy-
namic feedback depends on the specific 
situation, by design, but also on signal-ob-
scuring geometry in the environment as 
well as technical constraints; a choice was 
made to keep the dynamic warning signal 
sequences under 5 seconds.

5.4 Evaluation

Ideas and concepts from previous design 
activities were auditioned and evaluated in 
traffic environments, both real as well as 
simulated ones. A more thorough intercom-
parison study of the five concepts with test 
users is lacking, however. External and 
comparative analysis of concepts did take 
place in the V2Cyclist project, where three 
concepts—one of which being Concept 
A (Brass Earcon) from this thesis—were 
evaluated with participants in a study 
conducted by Johan Fagerlönn and Stefan 
Lindberg from RISE Interactive at Scania 
Technical Centre. Derived insights from this 
study relating to Concept A are presented 
in this chapter. This thesis is presented in 
a linear and incremental manner for the 
sake of clarity and readability. In practice, 
an iterative workflow was present; some 
evaluation activities were interspersed with 
the latter stages of some concept designs 
which resulted in revisions.

5.4.1 Audiovisual traffic 
simulation

Three preliminary concepts (Concept B, 
D1, and D2) were evaluated in a simulated 
traffic environment. A trip was made with 

Audio 12: Five dynamic warning sequences of Concept D2.

38 s

Audio 12

CONCEPT D2—DYNAMIC GROWL
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RISE Interactive Piteå to the sound studio 
at Scania Technical Centre. Preliminary 
warning signals were auditioned via BCH 
while being synchronized to audiovisual 
traffic recordings; video footage from a 
cyclist’s point-of-view was displayed on a 
large screen at one end of the sound studio 
while the corresponding traffic noise was 
played through a multi-speaker system. 
This activity assessed first and foremost 
the use of bone conduction headphones 
and gave early insights about their novelty 
and vibrotactile capabilities which became 
useful in the continued and iterative con-
cept development. 

One of the main takeaways from 
this activity was the proneness of higher 
frequencies to become almost completely 
attenuated, i.e. masked, when loud traffic 
events occurred at the same time as the 
warning stimulus. A loud tractor or HGV 
passing close-by on the opposite side of 
the road, for example. Lower frequencies, 
on the other hand, the ones present in the 
70–150 Hz region emulating vibrotactile 
sensations, did not become as easily sub-
dued to the momentary noise spikes of 
traffic. During loud traffic occurrences, the 
lower frequencies persisted and were felt 
rather than heard. It did seem, from this 
initial impression of BCH in the demand-
ing urban noisescape of traffic, that using 
the tactile modality had great potential in 
the design of perceptible warning signals for 
cyclists.

Another takeaway regarded the mix 
balance of the preliminary concepts. The 
middle and higher frequency bands be-
tween 300–8000 Hz were not tailored 
to stand above the raised noise floor of 
traffic—an unintended consequence of 
balancing them in a relatively quiet office 
environment. This insight led to iterations 
in which each concept was multiband 
compressed and equalized to sound much 

‘brighter’ than what felt appropriate in 

a quiet room environment. The specific 
mixing of the preliminary choices could 
provide a simple answer as to why higher 
frequencies were more susceptible to 
masking during this audiovisual traffic 
simulation; lower frequencies at 70–150 

Hz were simply mixed significantly louder 
in order to provoke the vibrotactile effect 
via BCH. This volume difference could in 
itself have had a masking effect, as a much 
louder frequency can obscure quieter ones 
(Gelfand, 1981; Katz, 2015).

This initial evaluation affirmed—on 
a personal level—the potential usefulness 
of BCH and their novel, tactile capabilities. 
The dynamic parameter ranges in Concept 
D1 and D2 felt appropriate. Concept B 
(Speech Tacton) did not feel as adjusted 
to the context. It was realized that ‘less is 
more’ when it came to the verbal warnings: 
one that originally went “Look out! Vehicle 
from behind to the left!” was shortened to  

“Behind, left!” The quiet mix level of the 
speech component could neither compete 
with the loud, vibrotactile component nor 
the noisy, simulated traffic noise; higher 
frequencies tended to disappear into the 
traffic noise at 80 dBA and were only 
heard slightly in quieter settings at 60–70 
dBA. A discussion regarding the idea of an 
adaptive user interface arose from these 
observations; a device which in real-time 
equalizes the warning stimuli according 
to the loudness of the surrounding noise-
scape.

Auditory masking was 
experienced during 
loud traffic events; an 
uneven mix balance for 
mids and highs was a 
contributing factor.
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5.4.2 Evaluation study by 
RISE Interactive

Johan Fagerlönn and Stefan Lindberg 
from RISE Interactive Piteå conducted in 

‘V2Cyclist’ a study of three concepts for 
collision warning signals using bone con-
duction headphones (BCH). Three types 
of auditory feedback were evaluated in the 
study: one based on auditory icons (R-Icon); 
one based on verbal warnings (R-Speech); 
and thirdly one from this thesis based on 
earcons (Concept A). The study took place 
at Scania Technical Centre. Results from 
this study are presented in this section, 
mostly pertaining to Concept A and how it 
measured against other feedback types. All 
concepts were designed with auditory and 
vibrotactile aspects per the novel use of  
low-frequency audio via BCH.

There were 18 participants, of which a 
third were women (n=6). The average age 
was 39 years old (SD=8.6). Biking habits 
varied: 44% self-reported to bicycle more 
than 30 times per year, while 22% bicycled 
no more than 10 times per year and 11% 
reported to almost never bicycle during a 
full year. Three people (16%) never use a 
helmet when bicycling. Participants’ most 
common biking environment was split 
between the countryside and urban areas, 
with a tendency towards the latter (n=11). 
One person had previously sustained an 
injury from bicycling that required medi-
cal care. One person reported using head-
phones while bicycling.

Participants evaluated each of the 
three concepts intermittently during the 
first audiovisual activity via a form that 
contained three parts. The first part applied 
the Acceptance Scale (AS) method from 
Van der Laan et al. (1997) which measures 
usability of new interfaces in the form 
of two combined metrics: Usefulness (U) 
and Satisfaction (S). AS uses a differential 
scale between −2 and +2. None of the three 

concepts evaluated received a negative 
(non-acceptable) score. R-Speech scored 
the highest ‘Usefulness’ score (U=0.84) 
followed by Concept A (U=0.69) and lastly 
R-Icon (U=0.62). R-Icon was, on the other 
hand, rated the highest ‘Satisfaction’ score 
(S=0.92) followed by R-Speech (S=0.69) 
and lastly, trailing behind, Concept A at a 
neutral rating (S=0.0). The results from the 
Acceptance Scale evaluation are visually 
summarized in Figure 57 (p. 156).

Strengths and weaknesses of Concept 
A begin to surface when looking at its 
individual AS ratings (the nine of which 
make up the final two scores). Concept A 
was rated useful for ‘Raising awareness’ 
(M=1.05) and being ‘Assisting’ (M=0.83). 
Three other positive ratings, but not to 

the same degree, were ‘Useful’ (M=0.50), 
‘Good’ (M=0.44), and ‘Effective’ (M=0.61). 
These five ratings add up to a positive 
Usefulness score of U=0.69. The other four 
semantic differentials which relate to the 
Satisfaction score, e.g. ‘Pleasant’ (M=−0.1) 
and ‘Desirable’ (M=0.1), were rated as more 
neutral where each rating hovered around 
zero (S=0.0). Conclusively, Concept A was 
considered useful but not satisfactory per 
this Acceptance Scale evaluation.

During the first activity, participants 
also intermittently responded to a set of 
seven Likert judgments ranging between 

“strongly disagree” (1) to “strongly agree” (7). 
The results of which are summarized in 
Figure 58 (p. 156). Responses were for the 
most part similar to all three concepts. The 
largest variance can be seen in the third 

Concept A was 
deemed useful, but not 
satisfactory per the 
Acceptance Scale.
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judgment (P3)—“the warning signals were 
unpleasant”—to which Concept A scored 
the highest rating (M=3.6) as compared 
to R-Speech (M=2.3) and R-Icon (M=1.8). 
Concept A scored high ratings regarding 
its comprehension and clarity (P1, P2, P5, 
P6, & P7) and was on average rated as the 
most perceptible signal of all (P5=6.5) as 
well as the concept in which the warning 
signal directions were the most discernible 
(P1=6.6). Concept A scored the lowest 
rating (P4=3.5) in a judgment assessing its 
desirableness in a hypothetical product; a 
neutral response likely correlated with its 
neutral Satisfaction score (S=0.0).

Thirdly, the evaluation form during the 
audiovisual activity ended with a comment 
section. Four people commented on how 
Concept A was annoying, particularly with 
regards to its highest urgency level (U2). 

Similarly, two people thought U2 lasted too 
long. Three people would have preferred 
a reversed urgency mapping, in which the 
two warning designs would switch places; 
one person pointed out how a longer signal 
duration intuitively implied a larger margin 
of safety, and likewise that the abrupt 
and shorter two brass stabs of U1 were 
perceived as more urgent using the same 
line of reasoning. This piece of feedback 
was unexpected and interesting to think 
about, given that a gradually increasing 
stimuli rate—the bearing urgency mapping 
in Concept A (U2)—benefits from a longer 
duration for the sake of contrast. Another 
participant thought, conversely, that the 
increasing tempo of the stimuli intuitively 
signaled danger.

Four participants did not agree with 
‘emotional timbre’ of Concept A as two 
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thought it sounded “too happy” while two 
others expressed that “[it] could be more 
dramatic.” One person commented on 
how Concept A was easy to discern from 
the simulated traffic soundscape, but the 
same person also thought that the sound of 
Concept A did not match “their experience 
of biking.” Balancing warning signals of 
strong saliency with sound designs that 
feel natural to the acoustic ecology is an 
interesting point of convergence, with 
the two seemingly at odds of one another. 
Another person thought that the urgency 
level of Concept A was well conveyed but 
also commented on how they experienced 
a form of sensory masking, in which the 
auditory sensations seemed to obfuscate 
the vibrotactile ones. One participant app-
reciated the redundancy the vibrotactile 
component of Concept A created.

Nine participants (50%) appreciated 
the use of ‘natural’ sounds and auditory 
icons in R-Icon; four people highlighted 
the electronic key lock sound to signify 
an upcoming dooring collision as a good 
mapping. Three people thought that the 
auditory icons in R-Icon (a car horn and 
a key lock) were hard to interpret; two 
people preferred the speech-based design 
of R-Speech instead, of which one person 
commented that it was easy to understand 
and learn. In general, people seemed to 
have a dislike for longer warning signals 
and preferred shorter ones. People thought 
that the front/back differentiation was hard 
to interpret. Understandable, considering 
the earlier version of Concept A presented 
in this study did not have one at all. R-Icon 
and R-Speech preceded their speech or 
auditory icon component with an earcon 
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from a mallet instrument; five participants 
commented that R-Icon or R-Speech did not 
sound urgent enough.

The second activity entailed experi-
encing a collision scenario with an HGV 
at an intersection in virtual reality (VR). 
The scenario was repeated three times in 
sequence with a different warning concept 
each time; an evaluation form was filled out 

afterward. 15 participants (83%) thought 
that the VR scenario was more realistic 
than the audiovisual simulation. A Likert 
judgment (P8) found Concept A (M=5.4) 
and R-Speech (M=5.8) to be the most useful 
in VR. Two ranking questions revealed 
differences between the two activities. In 
the audiovisual simulation, 56% (n=10) 
preferred R-Speech the most while only 
17% (n=3) preferred Concept A the same; 
this ranking was almost flipped in the  
VR activity, where 50% (n=9) preferred 
Concept A the most while 33% (n=6) did 
the same for R-Speech. The results were  
more dire for Concept A and less so for 
R-Speech in a follow-up ranking of the least 
preferred warning concepts: 44% liked 
Concept A the least in the first audiovisual 
activity and 39% did the same in the VR 
scenario, whereas only 22% and 17% liked 
R-Speech the least respectively.

The increased preferability of Concept 
A (Brass Earcon) from the first audiovisual 

activity (17%) to the second one in VR 
(50%) indicates how the perceived urgency 
of a warning signal interacts with the em- 
bedded urgency of the traffic scenario it is 
presented in. No conflicts occurred what-
soever in the naturalistic traffic footage 
used for the audiovisual activity; pairing 
relatively urgent warning signals with this 
uneventful experience is likely to have 
created an urgency-mismatch, resulting in 
some comments of annoyance to Concept 
A. However, Concept A was preferred the 
most (50%) of all three concepts for the 
deliberately crafted and dangerous VR-
scenario where an HGV turns right and 
cuts in front of the participant near in an 
intersection. Perhaps was this modulation 
in preferability a result of how the urgent 
and thus ‘annoying’ characteristics of Con-
cept A became more appropriate for the 
life-or-death situation in VR.

Another two Likert judgments on the 
final part of the evaluation form gauged 
participants’ experience with the bone con-
duction headphones. A relevant inquiry 
given the novelty of such technology in 
everyday products outside of hearing aids 
and research. First, people strongly agreed 
with the notion that using BCH is a good 
way to communicate warning signals to 
cyclists (M=6.4, Mdn=7). Secondly, the 
pair of BCH used in the study (Aftershokz 
Trekz Air) was rated as comfortable by 15 
participants who gave it a rating of either 6 
or 7 (M=6.2, Mdn=6.5).

5.4.3 Demonstration video

RISE Interactive Piteå held an open house 
event where visitors came and chatted 
about current research projects at RISE. 
Roughly a dozen people came by, demoed, 
and discussed this thesis project during the 
course of two hours. A one-minute demo 
(Video 1, p. 101) to be experienced with 

The virtual reality 
activity simulated 
an urgent collision 
scenario, to which some 
participants found the 
previously annoying 
traits of Concept A to 
be more appropriate.
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bone conduction headphones was prepared: 
Concept A, Concept B, and Concept D2 
were sonically overlaid naturalistic traffic 
footage from a cyclist’s point of view. This 
activity was not structured; spontaneous 
reactions and feedback with regards to 

the warning signals, as well as the tech in 
general, was documented haphazardly per 
the flow of the conversation with the demo 
participant. A short brief about the thesis 
project’s context and aim was given before 
the demo video was played.

None of the eleven demo visitors were 
familiar with BCH. This novel experience 
resulted in a range of surprised reactions—
one person laughed and thought Concept 
D2 was tickling, while another visitor in-
tuitively made a slight ducking motion in 
the opposite direction of the first warning 
stimuli they heard (and acclimated more 
calmly to the following one). Although dis-
cussions were unstructured, a point was 
made to ask people about the vibrotactile 
component of the stimuli. None of the 11 
people who experienced the demo with 
BCH said it was an unpleasant sensation. 
One visitor put it as “No, they didn’t feel 
intrusive; I think it is a matter of habit” and 
another summed it up as “They don’t feel  
unpleasant—just different.”

Another question asked to demo 
participants was which direction they per-
ceived the signaled threat to be coming 
from. Most people responded with variants 
of “I’d avoid the location of the sound” or  

“I’d steer away from the sound.” One person 
said, in response to Concept D2, that she 
was drawn to the direction of the sound. 
The inverted stimulus-response compatibility 
interpretation of the warning signals by 
almost all of the demo participants tracks 
with what has been observed in studies 
of in-vehicle interfaces, where people in-
tuitively steer away from danger-signaling 
stimuli (Straughn et al., 2009; Campbell et 
al., 1996). Without being asked specifically, 
some visitors intuitively grasped the use of 
panning in Concept D2 and explained that 
a dynamically moving sound from left to 
right meant that a supposed vehicle also 
moved from left to right as well.

Personal preferences varied. One per-
son said with regards to Concept A that 

“the trumpet was a bit much” and this type 
of feedback was also given by four people 
in the RISE Interactive study. One demo 
visitor liked Concept A the most but would 
have also preferred a shorter duration for 
U2, and this was also a type of feedback 
given in the RISE study. One visitor did not 
like the female text-to-speech voice used 
in Concept B; she expressed it flippantly 
as “that sounds like something I’d want to 
turn off immediately.” Another visitor raised 
concerns about the use of verbal directions 
in Concept B—“I have trouble keeping track 
of which one is which!” she said jokingly. 
One participant liked Concept D2 the most:  

“I think it would have been the most in-
formative” he said, alluding to its dynamic 
feedback. One participant said that the 
sound of Concept D2 reminded them of a 
motorcycle, without the intended vehicle 
metaphor being previously suggested. 

In summary, demo participants liked 
and disliked different aspects of each 
concept. Some preferred the urgency 
of the brass timbre, some preferred the 
straightforwardness of speech, and others 
preferred the more detailed perceptual 
image that the dynamic warning signals 

First-time experiencers 
of BCH did not find the 
vibrotactile sensations 
of the warning signals 
unpleasant; they were 
described as “different.”
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were able to provide (in theory). Likewise, 
some people disliked different feedback 
types for various reasons. An excerpt of 
comments has been compiled in Table 
8. Since it was implicitly made clear that 
the demo was a personal presentation of a 
thesis project, a ‘courtesy bias’ may have 

skewed demo visitors towards the positive 
and cheerful. However, it could be argued 
that the potential effect of such a bias was 
not significant given the reoccurring types 
of feedback between this activity and the 
more neutral and rigorous RISE Interactive 
study.

Table 8. An excerpt of memorable comments from the open house demonstration.

Concept A: 
Brass Earcon

 » “The trumpet was a bit much.”

 » “I’d like to have a shorter sound—I preferred Concept A the most.”

Concept B: 
Speech Tacton

 » “That female voice sounds like something I’d immediately want to 
turn off!”

 » [laughingly] “I think it would be confusing with ‘left’ and ‘right’—I 
have trouble keeping track of which one is which!”

Concept D2: 
Dynamic Growl

 » [in response to where they perceived the danger to be] “I was drawn to the 
direction of the sound, actually.”

 » “I liked the third concept [D2] the most. I think it would have been the 
most informative.”

 » “I thought the last one [D2] sounded like a motorcycle—somewhere I 
would not like to go to.”

General 
comments

 » [in response to how the BCH felt] “No, they didn’t feel intrusive. I think 
it is a matter of habit.”

 » [in response to how the BCH felt] “They don’t feel unpleasant—just 
different.“

 » [said reflexively out loud during the demo] “It tickles!”

5.4.4 Field listening

Impressions and experiences were noted 
down during a bike trip in Luleå that lasted 
ca 75 minutes. Ideas and concepts in the 
form of audio files were compiled in a 
smartphone playlist; a longer sequence in 
which 93 instances of stimuli were spread 

out over 45 minutes. A pair of wired bone 
conduction headphones (Aftershokz Sportz 
3) was used. The trip looped an urban path 
in the city and its outer perimeters that 
varied between clear asphalt and graveled 
pedestrian paths; most time was spent on 
dedicated bicycle paths along the main road 
where cars passed by at speeds of 50 km/h 
and upward. Particularly noisy areas were 
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traveled back and forth to evaluate and 
compare specific stimuli via repeated and 
semi-controlled measures.

Bicycling did not displace the head 
fit of BCH. Earpieces of Aftershokz’ BCH 
models partly rest on the tragus, and this 
non-rigid flap of the ear seems to be extra 
perceptible to vibrations. The vibrotactile 
sensations elicited by low-frequency audio 
start to dissipate when the earpieces are 
placed improperly (i.e. not resting on 
the tragus). Therefore, given this locus 
sensitivity and people’s variance in head 
shape, a rigid yet adjustable earpiece is a 
design requirement for future products 
that seek to use the vibrotactile aspect 
of bone conduction headphones, as the 
bumpiness of e.g. bicycling may displace 
the proper earpiece placement. However, 
the pair of BCHs used during this bicycle 
trip did not have to be adjusted and the 
vibrotactile sensations were perceived to 
come across. This experience likely differs 
from one person to another; someone at 
RISE Interactive commented that the same 
model of BCHs felt ‘jumpy’ and loosely 
fitted while they were walking.

No perceived startle response 
(by someone familiar with the stimuli). 
Various design artifacts were spaced out 
with different time spans in a longer audio 
file to combat the habituation effect of 
expecting stimuli at a certain rate. No 
startle responses, i.e. reflexive maneuvers, 
were experienced during this evaluation 
activity. A jolt of energy translated to a 
heightened awareness was however felt 
at multiple occasions, particularly with re- 
gards to Concept A, which seemingly did 
not negatively impact the bicycle maneu-
vering. Great familiarity with the warning 
stimuli could explain the lack of surprise 
during this activity; the novelty of loud, 
bimodal stimuli via BCH was likely what 
caused one demo visitor in an office set-
ting to reflexively tuck their head in the 

opposite direction in response to the very 
first warning they heard (section 5.4.3). The 
looming design, i.e. the gradual intensity 
onset and no sudden ‘silence-to-maximum-
loudness’ surprises, present in all the five 
warning signal concepts could also provide 
an explanation as to why the stimuli did not 
yield any significant startle responses.

Auditory masking issues. The apex 
of a passing vehicle was a common traffic 
event and noise occurrence that masked 
the auditory sensations of the evaluated 

stimuli; particularly when traveling on a 
dedicated bicycle lane close to the main 
road with vehicles going 50 km/h and 
upward. Specific stimuli were triggered 
manually to be able to audition sounds 
more consistently at the same time as a 
passing vehicle. Only the low-frequency,  
vibrotactile part of the stimuli was per-
ceived when an HGV passed at 70 km/h 
on a road alongside the separated bicycle 
path. A tractor passing on the opposite 
side of the road caused a similar auditory 
masking effect in the initial, audiovisual 
evaluation (section 5.4.1). The vibrotactile 
aspect of the warning stimuli provided a 
needed redundancy at such noisy events. 
Wind noise also negatively impacted the 
perception of sound, but to a lesser extent 
than loud traffic events. Neither any vibro-
tactile nor kinetic masking, i.e. from the 
biking activity itself, was perceived to sig-
nificantly affect the warning stimuli.

Loud traffic events 
masked the higher, 
audible parts of stimuli 
while the vibrotactile 
sensations per the loud 
and low-frequency 
audio persisted.
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Warning stimuli lacked presence and 
brightness. The lower frequencies of the 
evaluated stimuli were far more resistible 
to loudness masking than the higher ones 
were. This was particularly true for Concept 
B (Speech Tacton) and Concept C (Primal 
Metaphor) in which the defining, middle-
to-high frequencies of both the verbal 
messages and the roaring animal sounds 
felt considerably subdued when heard in 
the noisy context of traffic. As the concepts 
for warning signals were mixed in a quieter 
office setting, the ‘appropriate’ balance of 
middle and higher frequencies above 150 
Hz (or rather the volume of components 
above the vibrotactile one) ended up being 
too passive in a much noisier environment. 
Mix revisions were therefore carried out 
after this evaluation activity, in which each 
concept was made to sound brighter and 
more present—louder, really—by applying 
a multiband compressor in the middle and 
higher frequency bands.

The lateral direction of warning 
signals was clearly perceived. The di-
rection of the stimuli, to the left or right, 
was easily discerned; an experience in line 
with the ones of participants in the RISE 
Interactive study (section 5.4.2). The spatial 
design of the continuous warning stimuli, 
Concept D1 and D2, was however not as 
clear. The modulated panning (intensity 
differences between the two earpieces) was 
designed with a compromising assumption 
that cyclists mostly gaze straight ahead. 
Albeit realized from inception, this oversight 
became all the more apparent during this 
naturalistic evaluation activity; especially 
so when approaching intersections as one 
naturally has to scan connecting pathways 
back and forth, shifting the gaze but also 
the orientation of the head sideways in 
doing so which momentarily reorients the 
implied direction of the warning stimulus. 
This rotational offset—despite being aware 
of it—was perceived disorienting in most 

cases, as trying to decode and correct 
the reorientation additionally taxed the 
already busy cognitive load one has when 
approaching an intersection.

Dynamic warning signals provided 
a welcome redundancy. The continuous 
feedback of Concept D1 and D2 came to 
be appreciated during this bicycle trip. 
Or rather, the signal redundancy such 
continuous warning signals can create 
was appreciated. Especially in scenarios 

where a momentary loud event, such as a 
large vehicle passing by one on the road, 
coincided with the onset of stimuli as at 
least some parts of the warning sequence 
remained perceptible before and after the 
masking event. Concept A, B, and C are 
threshold-based designs, i.e. they deploy 
warning stimuli once at different urgency 
levels when certain, critical criteria have 
been met in the collision avoidance sys-
tem. Such momentary warning signals risk 
being masked, given unfortunate enough 
circumstances, by a coinciding loud traffic 
event. The appreciation, on a personal 
level, of continuous stimuli during this 
naturalistic evaluation stands in contrast 
to some of the received feedback by test 
participants who—while being indoors and 
not in traffic—preferred shorter warning 
signal durations (section 5.4.2 and 5.4.3).

Impressions of each concept. Some 
of the more specific notes and impressions 
gathered during this naturalistic evaluation 
were:

The continuous 
feedback of dynamic 
warning signals 
provided a welcome 
redundancy during loud 
traffic events.
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 » Concept A (Brass Earcon) was per-
ceived to be the most salient warning 
signal of the five concepts evaluated. 
Likely because it was also the concept 
with, at the time, the loudest mix.

 » Concept B (Speech Tacton) or rather 
its speech component was the most 
susceptible to having its middle and 
higher frequency bands masked by a 
loud and noisy environment. Likely 
not because of the character of speech 
itself, a type of sound which humans 
are naturally predisposed to, but 
rather due to poor mixing practices 
(too quiet/gentle). The mix was later 
revisited and made more aggressively, 
i.e. louder in the mids and highs.

 » Concept C (Primal Metaphor) was not 
perceived to be as salient as Concept 
A (Brass Earcon) despite its aversive 
intentions. A simple answer may 
have to do with perceived loudness; 
the intensity of the mids and highs 
in Concept C were not perceived as 
sufficiently aggressive compared to 
the brass instruments of Concept A. 
This impression resulted in a louder 
mix iteration. Habituation and expec-
tation—i.e. being well acquainted with 
the specific timbre—may have also 
mitigated the supposed excitement of 
threatening animal stimuli.

 » Concept D1 (Dynamic Blinker) was 
the only warning signal concept that 
was designed to modulate its multi-
modality: it gradually increases the 
intensity (volume) of the vibrotactile 
component as the dynamic urgency 
level increases; only the auditory 

‘blinker component’ is heard at the 
beginning of each warning sequence. 
This uni-to-bimodal modulation felt 
less urgent, less annoying, and less 
stressful compared to, say, Concept 
D2 which immediately utilizes both 
auditory and vibrotactile sensations. 
But it was also noticed that the blinker 
component, and thus the entire initial 
timbre of the warning signals, became 
completely subdued if it coincided 
with a loud traffic event.

 » Concept D2 (Dynamic Growl) had 
the same issues with its mix balance 
as Concept B and C had; middle and 
higher frequencies were too subdued 
in contrast to the loud, vibrotactile 
frequencies in the low-end as well as 
the surrounding traffic noise. On a 
personal level—however biased and 
flawed it may be—it was thought that 
the timbre of Concept D2 evoked what 
it intended to in the correct context 
of traffic: the sound of engines yet 
different enough for its stimuli to be 
differentiated from the real things 
passing by.



164 Chapter 5—Results



165Designing multimodal warning signals for cyclists of the future

Chapter six reflects on the results of the thesis, specific aspects as well as a whole, and posi-
tions them in relation to the theoretical framework. Contributions, or the relevance of the 
results, are then discussed in terms of users, stakeholders, the wider scope of multimodal 
design, as well as the idea of ‘smart cities’ which our society—with the onset of 5G—seems to 
stand on the doorstep of. Lastly, further developments are recommended.

6.1 Project result

The use of amplified, low-frequency oscil-
lations via bone conduction headphones 
(BCH) in this thesis work is believed to 
be a novel approach for a bimodal type 
of stimuli capable of both auditory and 
tactile sensations. Still, a good number of 
academic findings and guidelines derived 
from multimodal research using multiple, 
separate devices (e.g. a C-2 tactor and a pair 
of speakers) seemed to also apply in this 
novel design space achieved with a single, 

unified device (a pair of BCH). This section, 
under different headings, will position the 
results in relation to relevant theory along 
with personal reflections.

6.1.1 Mediator choice and 
multimodal perception

To paraphrase, and likely simplify, Calvert 
et al. (2004)—humans are primarily visual 
beings. It might, then, be tempting for 
designers to solve their problems with yet 
another graphical user interface. But for 

Discussion
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this thesis project, such a normative de-
sign impulse seems implausible already at 
inception, given the visually busy context 
of traffic and cyclists. Researchers such 
as Ruß et al. (2016) have experimented 
with mounted, display-based mobile appli-
cations to communicate collision warnings 
to cyclists. Bearing in mind the visual 

overload of traffic, such visual solutions 
seem unnecessarily challenging for the 
user. Admittedly, there are upshots of ac-
cessibility to using smartphones as most 
urban citizens carry them. Nevertheless, 
this thesis project turned to nonvisual 
modalities—sound and touch—to form its 
design space; this section will outline sup-
porting research related to this choice of 
designing bimodal warning stimuli.

Bone conduction headphones have in 
this thesis project shown themselves to be 
capable of housing two modality channels 
for stimuli via the one and same device; 
the rationale behind choosing this unified 
mediator capable of multimodal warning 
signals—given the project context of cyclists 
and their noisy exterior that is traffic—was 
theoretically founded partly upon the fol-
lowing, potent research findings:

Multimodal warning signals are effect-
ive at capturing and redirecting attention 
to spatial positions outside the peripersonal 
space, such as a likely collision event, even 

in critical situations (Gray et al, 2013; Politis 
et al 2015a, 2015b). Moreover, auditory and 
tactile signals are more effective at doing so 
compared to visual cues (Haas & Van Erp, 
2014). 

Vibrotactile cues have an ability to 
intuitively direct spatial attention to the 
user’s extrapersonal space—outside their 
body—despite being naturally presented 
in the user’s peripersonal space (Spence & 
Ho, 2008b; Rosli et al., 2011). Fitting to the 
sometimes mundane context of everyday 
cycling, vibrotactile stimuli are effective at 
interrupting monotonous situations with-
out being all too intrusive and annoying 
(Lee et al., 2004; Spence & Driver, 1997) 
and especially if the stimuli occur very 
rarely (Haas & Van Erp, 2014). 

Mäkela et al. (2015) found that bicycling 
is more visually demanding than driving; 
multimodal stimuli perform better than 
unimodal stimuli during tasks of higher 
attentional load (Santangelo & Spence, 
2007; Haas & Van Erp, 2014). Multimodal 
and bimodal signals render higher ratings of 
perceived urgency compared to unimodal 
ones and yield faster reaction times to 
collision warnings compared to the same 
(Politis et al., 2013; Politis et al., 2014b; 
Politis et al., 2015a, 2015b). 

The supposed efficiency and perform-
ance gains of the resulting multimodal 
stimuli can only be argued for anecdotally 
and on a personal level in this thesis; more 
objective data such as reaction times and 
recognition rates have not been gathered, 
personally nor with with external users, 
and compared to a baseline in a controlled 
setting.

An upshot of multimodal displays, 
particularly relevant to being in noisy 
traffic as a cyclist or pedestrian, is the 
increased redundancy gained from rein-
forcing a stimulus in one modality with 
a perceptually alike stimulus in another 
modality (Haas & Van Erp, 2014; Freeman 

Being in traffic carries 
a high visual load; the 
modalities of sound and 
touch in multimodal 
combination were 
therefore used to frame 
the design space of this 
thesis project.
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et al., 2017). In this thesis, auditory warning 
signals were designed with a concurrent, 
low-frequency layer at 70–150 Hz which—
when output at loud enough amplitudes via 
BCH—generated a multimodal sensation 
of both sound and touch. This vibrotactile 
component was especially useful in situ-
ations where the auditory part of the 
warning stimulus was susceptible to being 
masked by an external, loud traffic event 
or just the noisescape in general. Loud 
scenarios that demand signal redundancy 
were never stress-tested explicitly in the 
RISE Interactive study; the usefulness of 
‘redundant’ warning stimuli for this thesis 
project was rather an empirical, albeit 
personal, insight derived from repeated 
simulation scenarios (section 5.4.1) as well 
as listening in the real context (section 
5.4.4). 

6.1.2 Bimodal use of bone 
conduction headphones

When considering a future, wearable, and 
protective ‘smart’ product for cyclists—
bearing in mind the aforementioned 
research findings and the context of visual 
overload in traffic—it does seem rather 
motivated, on an academic level, for its 
interaction to be designed in a non-visual 
modality (or modalities). A multimodal, 
or bimodal, approach of using auditory 
sensations with supporting vibrotactile 
feedback was taken early on during the 
ideation stage of this project; this was 
done by constraining the design space 
to a solution in which bone conduction 
headphones (BCH) were used in a novel, 
vibrotactile way. Consequently, the thesis 
results were given a silhouette early on and 
parts of the thesis came to center around 
exploring the possible shapes within this 
constrained, bimodal design space. There 
were no prior design guidelines to be 

found regarding this novel, bimodal use of 
BCH. This thesis will hopefully inspire and 
possibly contribute to such guidelines for 
future work. 

The literature review looked toward 
conventional methods and practices for 
generating vibrotactile feedback, e.g. the 
C-2 tactor (Engineering Acoustics, n.d.), to 
be able to design more reliably. In retro-
spect, it does seem that design guidelines 
derived from previous research using such 
tactor devices are somewhat applicable to 
this novel, vibrotactile use of BCH. 

For one, the observed correlation be-
tween vibration frequency and perceived 
annoyance was perceived to hold true; 
vibrotactile stimuli above 150 Hz on the 
head are not recommended as they yield 

annoyance and even headaches (Hawes 
et al., 2003; Myles & Kalb, 2010; de Jesus 
Oliveira et al., 2016). In this thesis, low-
frequency clusters in the 70–150 Hz range 
with spectral centroids at 110 Hz were 
designed to vibrotactile ends. None of the 
eleven demo visitors (section 5.4.3.) rated 
the vibrotactile aspect of the bimodal 
stimuli as annoying or irritable when spe-
cifically asked, but rather commented: “no, 
it’s just different.” It was found on a personal 
level, via sweeping sine waves up and down 
the lower frequency spectrum using BCH, 
that there indeed was a positive correlation 

No prior guidelines 
were found regarding 
the bimodal use of 
BCH; the vibrotactile 
stimuli of 150 Hz and 
below in this thesis 
were not found to be 
unpleasant.
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between fundamental frequency and per-
ceived annoyance, just as Edworthy et al. 
(1991) observed with sound. However, no 
rigorous ‘annoyance’ assessment of the 
bimodal low-frequency sensations of BCH 
has taken place.

The crossmodal sensation of texture 
and specifically roughness was explored 
using BCH. ‘Roughness’ exists as a tactile 
quality but is also commonly used by 
people to describe sound metaphorically; 
it is a notion that is crossmodal. A pure 
tone—the sine wave—is perceived to be 
smoother both in auditory and vibrotactile 
judgments when compared to more com-
plex waveforms like pure noise (Rovan & 
Hayward, 2000; Hoggan & Brewster, 2007). 
The vibrotactile components of Concept 
A, B, D1, and D2 used FM synthesis to 
create complex, low-frequency timbres 
intent to produce a crossmodal sensation 
of ‘roughness’ via BCH; an aversive de-
sign intent to evoke a cautionary state of 
mind where the crossmodal roughness is a 
metaphor for the danger of an oncoming 
vehicle. This design of emotionally-laden 
warning stimuli was inspired from Ho and 
Spence’s (2013) paper about ‘affective user 
interfaces’ and particularly with regards 
to evoking aversive human emotional states 
in order to gain behavioral, self-protecting 
advantages in critical situations.

Other than being capable of producing 
vibrotactile sensations via BCH, low fre-
quencies also lend themselves to another 
useful end in the context of traffic: size-
sound symbolism; objects with greater size 
and greater mass are heavily associated 
with low-frequency sounds (Huron, 2013b; 
Hinton et al., 1994). The crossmodal, low-
frequency designs of all resultings warning 
signals are in other words implicitly in-
dicative of a large object—presumably a 
vehicle given the context of traffic. Quite 
conveniently, the use of low frequencies 
via BCH works in tandem on two fronts 

to imply the presence of an oncoming 
vehicle: the use of loud, lower frequencies 
imply a notion of large size via ethological 

symbolism in the auditory sense, and 
their complex i.e. ‘rough’ low-end timbres 
metaphorically suggest associations to com-
bustion engines and, more perceptually, 
tires moving on asphalt in a vibrotactile 
sense.

6.1.3 Designing multimodal 
congruence

Multiple resource theory (MRT) propose that 
tasks can be performed more efficiently, 
more cognitively at ease, when distributed 
across different modalities (Wickens, 2008). 
MRT is used as a theoretical framework, 
among others, by researchers to explain 
the observed performance gains that 
multimodal displays have proven to yield 
(Gray et al., 2013). But, such multimodal 
stimuli must be spatially, temporally, and 
semantically congruent for the enhancing 
effect to occur (Ho et al., 2009; Gray et 
al., 2013). Conflicting stimuli in multiple 
modalities can, conversely, degrade per-
formance and become even less effective 
than unimodal stimuli (Gray et al., 2013). 
Being aware of its importance, deliberate 
design choices were made to stimulate 
multimodal congruence between the per-
ceptual qualities of each warning signal 
concept. 

The loud, vibrotactile 
use of low frequencies 
in the warning signals 
lines up with their 
referents (vehicles) per 
size-sound symbolism.
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Semantic congruence was primed, 
in a melodic sense, between the vibrotac-
tile and auditory components by having 
respective layers work in the same musical 
key; the brass instruments of Concept A, 
the harmonic vocoders of Concept B, and 
the tonal ‘blinker’ of Concept D1 were all 
composed to fit musically with the notes 
played by the vibrotactile low-frequency 
synthesizer and vice versa. Concept C 
and Concept D2 are not as melodic as the 
others and attaining semantic congruence 
for these was approached as perceptually 
matching timbres across the spectrum; 
the roughness of the vibrotactile low-end 
was matched with ‘aggressive’ mids and 
harsh, noise-like highs. Attaining this 
spectrum design for Concept C came down 
to choosing and mixing the ‘right’ animal 
samples—featured around the timbre of a 
tiger snarl—in which rough and aggressive 
characteristics were naturally found and 
then exaggerated with audio processing. 
Concept D2 was synthesized from the 
ground up and the perceptual matching of 

‘roughness’ across the spectrum was not 
selective but rather deliberately designed.

Temporal congruence, or perceived 
time alignment between the two sensory 
modalities, was made easily attainable via 
the use of a unified device (a pair of BCH) 
and its shared audio format; no latency 
compensation per modality was consid-
ered in the designs[2]. Single arpeggiators 
and outputting the same performance data 
(MIDI) to multiple instruments, both in 
auditory and vibrotactile frequency ranges, 
was also used to the same, synchronized 
ends for the dynamic warning concepts. 
The time differences between concurrent 
vibrotactile and auditory sensations in the 

multimodal warning signals of this thesis 
fall within the audiotactile ‘Just Noticeable 
Difference’ of 80 ms (Zampini et al., 2005). 
For example, the vibrotactile component 
in Concept B was designed to rhythmically 
follow along with the concurrent speech 
signal; while this achieves temporal con-
gruence, it does however not create a 
one-to-one semantic counterpart as one 
would likely not be able to decipher the 
corresponding verbal warning based solely 
on its brief vibration pattern.

Spatial congruence was gained auto-
matically by the novel mediator (a pair 
of BCH) as the vibrotactile and auditory 
sensations both stem from the same 
device and same loci; a lateral direction 
was suggested using intensity differences 
between the bone conduction earpieces. 
The spatial congruence works in tandem 
with the semantic one in Concept B, as the 
panned stimuli correlate with the verbal 
direction given in speech. Such stimulus 
compatibility, i.e. warning signals to the left 
of the driver that also explicitly say “left” 
verbally, result in an additive performance 
effect (Ho & Spence, 2005; Serrano et al., 
2011). While a demo participant (section 
5.4.3) with brief experience of the designs 
jokingly pointed out how they would not 
prefer verbal directions as they tend to 
confuse left and right, this concern is 
likely mitigated in practice considering the 
intuitive addition of a tactile stimulus on 
the corresponding side of the head; test 
participants in the RISE Interactive study 
(section 5.4.2) self-reported to have clearly 
perceived the direction of the presented 
warning signals (M=6.6 out of 7 on a Likert 
judgment).

[2] = Gray et al. (2013) mention that our sensory processing operate at different speeds—analogous to how the 
lighting of thunder precedes the sound of it—whereby multimodal stimuli could performatively benefit from 
taking such modality-specific temporal differences into account.
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6.1.4 Multisensory masking

One can argue that stimuli regardless of 
input—in singular or multiple forms—will 
always be perceived multimodally as 
our perception of the world as a whole 
is multisensory in its foundation; our 
senses interact with one another. Such a 
phenomenon was experienced with BCH 
in this thesis project. A case of sensory  
masking was noticed where higher, non-
vibrotactile frequencies seemed to mask 
the tactile perception of the lower bass 
frequencies, especially as the intensity 
of higher frequencies grew in relation 
to the lower, louder ones below 150 
Hz. “Almost seemed like sound masked 
vibrations” commented one participant in 
the RISE Interactive study in response to 
Concept A, in which the brass instruments 
were particularly loud in relation to the 
vibrotactile bass frequencies.

It could be that our hearing takes per-
ceptual precedence over our tactile senses 
in this particular use of BCH where the 
two types of stimuli originate from the 
same loci nearby the ear canal. Equal-
loudness contours (ISO 226:2003; Figure 
17, p. 40) tell us that we are more sensitive 
in the midrange at 1,5–3,5 kHz compared 
to lower frequencies at 70–150 Hz; such 
psychoacoustics may amplify or even 
incite this ‘auditory precedence effect’ 
noticed when working with BCH during 
this thesis. Or, it could be that the domi- 
nant modality—the auditory or the tactile 
one—varies between people and, even 
further, can be modulated depending on 
what dominant sensory sensation one ex-
pects and wants to experience, similar to 
how people can hone in on segregated 
auditory streams using spatial cues as 
demonstrated in the ‘cocktail party effect’ 
(Cherry, 1953; Yost et al., 1996). 

Another possible explanation for 
this auditory precedence effect could be 

due to the bone conduction headphones 
themselves and their mechanical con-
struction. Bass frequencies render slower 
mechanical oscillations which propagate 
through the bones of our skull to our inner 
ear and cochlea. Higher frequencies, such 
as verbal content, oscillate at much higher 
rates and thus generate finer mechanical, 
back-and-forth movements in the bone 
conduction earpieces. Outputting a wide 
and equally loud audio spectrum, such as 
in Concept A with the bass and brass layers, 
may render the slower oscillations—the 
ones who provide the vibrotactile effect—
less perceptible due to the ‘noisiness’ of 
the overall oscillation output. But not 
enough is personally known about the inner 
workings of this particular manufacturer’s 
headphones (AfterShokz, n.d.) to speculate 
further than this.

Movement itself can also impact other 
sensory modalities; this issue is relevant 
to consider given that cyclists are users 
on the move. Blum et al. (2015) found that 
movement, particularly the accelerated 
kind, masked the perception of vibrotactile 
stimuli via smart devices on the wrist 
and that users were more likely to miss a 
notification when they swung their arm. 
No such kinetic masking was experienced 
on a personal level while bicycling and 
evaluating the warning signals in this 
thesis project. Participants in the RISE 
Interactive study—active indoors on a sta-
tionary exercise bicycle—rated Concept A 
as strongly salient. While a study with users 
on actual bicycles has not been carried 
out, one could argue that this particular 
use of BCH while bicycling does not face 
kinetic masking issues because of the re-
latively stationary earpiece placement on 
the head; cyclists perform few accelerated 
movements apart from their legs. Looking 
toward each side of an intersection in rapid 
succession is however a common type of 
accelerated head movement for cyclists.
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6.1.5 Design novelty 
dependent on exposure

There was no helmet prototype of which 
to gauge likely detection distances and 
warning frequencies from during this 
thesis; the interaction design stage in 
V2Cyclist started ahead of the hardware 
development stage which aimed to adapt 
the V2X protocol or alternatively devise 
a similar solution for cyclists. As we find 
ourselves in the infancy of 5G technology 
and C-ITS, particularly for vulnerable 
road users, there is currently no ecological  
data on how often such future protection 
systems would set off collision warnings. 
An estimate of how often warning signals 
are going to be deployed, and experienced 
by users, would help to more reliably shape 
their conceptual design and increase their 
usability as well as acceptability. 

Because, hedonic value—a dimension 
of pleasing or frustrating—is an evident 
function of stimulus arousal which is 
directly related to the novelty of the sti-
mulus (Sluckin et al., 1983). In a study 
of responses to sequences of abstract 
art, Berlyne (1970) found that ratings 
of ‘pleasingness’ and ‘interestingness’  

increase with novelty and that repetitive 
sequences of simple stimuli become less 
pleasant as they become more familiar, 
whereas complex stimuli (more novel) 
decline less or even become more pleasant 
with familiarity. The positive effect of 
familiarity on favorability has also been 
observed with music but regardless of 
stimulus complexity (Madison & Schiölde, 
2017). The relationship between arousal 
(appreciation) and exposure (novelty and 
complexity) is hypothesized to function  
as an inverted-U curve, referred to as a 
Wundt/Berlyne curve. 

Sluckin et al. (1983) present a modi-
fied version of the Wundt/Berlyne curve 
(Figure 59) in which ‘favorability’ is a 
function of ‘familiarity’ (time). Here, the 
inverted-U curve is vertically offset down-
wards based on evidence (Harrison, 1977) 
that people tend to judge novel stimuli 
somewhat negatively at first. The invert-
ed-U curve models our ever-changing per- 
ception over time; at a certain point of 
familiarity, whether through repetition or 
simpleness, we begin to appreciate the sti-
mulus less; a satiation effect occurs. But, 
such a ‘boredom effect’ may never occur 
if the stimulus is novel/complex enough 
and exposure is more spaced out over time; 
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Figure 59: Favorability as a function of familiarity (time) in 
conditions of frequent exposure (Sluckin et al., 1983).

Figure 60: A�ective rating as a function of exposure 
frequency in conditions of mere exposure (Stang, 1974).
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Figure 59: Favorability as a 
function of familiarity (time) 
in conditions of frequent 
exposure (Sluckin et al., 1983).
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Stang (1974) found that mere exposure 
conditions produce familiarity–favorability 
curves where the affective rating instead 
increases over time (Figure 60).

Considering the statistical rarity of 
collision accidents, I made the—perhaps 
falsely equivalent—assumption that colli-
sion detections by future C-ITS are going 
to be rare as well. Such design conditions 
require warning signals that are explicit 
enough to be understood but also novel 
enough to efficiently create arousal and 
capture attention. This assumption of 
collision rarity may be an oversight, as 
the complex nature of traffic might give 
rise to many potential collision situations 
but, thankfully, only converts a handful 
of them into conflict situations and, at 
worst, unsolvable accidents; being able  
to filter through false alarms in the form  
of collision trajectories that naturally 
dissolve themselves in the seemingly un-
predictable ebb and flow of traffic could 
prove to be some design and engineering 
challenge in the future for C-ITS. 

Regardless, the frequency of collision 
warnings has design consequences: simple 

and familiar stimuli excel in conditions of 
warning rarity, whereas the explicitness 
of simple stimuli become less favorable—
detestable even to the point of a bad UX 
altogether perhaps—in conditions of fre-
quent exposure. Speech messages are, for 
example, a familiar and explicit type of 
stimuli that tend to quickly get irritable 
even after a few, repeated exposures. Then 
again, speech warnings excel in sparse ex-
posures compared to the abstract nature 
of, say, earcons. Knowing how often users 
will be exposed to warning signals is 
therefore of great design importance. Are 
the warning conditions of traffic going to 
produce an inverted-U curve per Sluckin 
et al. (1983) where appreciation of stimuli 
declines over time due to satiation like  
Figure 59? Or is this concern irrelevant 
because of mere exposure where favora-
bility instead increases with familiarity, 
given stimulus complexity per Stang (1974) 
in Figure 60? Table 9 examines, from a 
personal point of view, how the warning 
signals of this thesis work might relate to 
these two familiarity–favorability models.
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Figure 59: Favorability as a function of familiarity (time) in 
conditions of frequent exposure (Sluckin et al., 1983).

Figure 60: A�ective rating as a function of exposure 
frequency in conditions of mere exposure (Stang, 1974).
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Figure 60: Affective rating as a 
function of familiarity (time) in 
conditions of mere exposure 
(Stang, 1974).
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Table 9. A personal assessment of how the appreciation/usefulness of each warning signal concept might 
relate to conditions of rare as well as frequent exposure (per Figure 59 and 60).

Concept A: 
Brass Earcon

 » Concept A is the most tonal concept, as it is also the most melodic one. 
The recognizable, honk-like timbre of brass instruments makes for a 
‘familiar’ sound in the context of traffic, even if users are not familiar 
with the melody per se. Reoccurring user interface sounds that are 
melodic, or complex harmonically, have a low repetitive tolerance 
(Littlejohn, 2017). Concept A makes for a solid contender as the most 
annoying of all five concepts given its tonality, hectic melodic, and 
temporal design as well as the longer duration of its most urgent 
signal (U2). Concept A is therefore highly susceptible to a decrease in 
liking over time if collision detections would occur regularly, per the 
inverted-U curve (Sluckin et al., 1983). 

 » Concept A was rated as useful but not satisfactory, only neutral, in 
the RISE Interactive study per the ‘Acceptance Scale’ (Van der Laan 
et al., 1997). A handful of study participants freely commented on its 
annoying character. However, in conditions of mere exposure, this 
non-positive affective rating may be useful and tolerable; perceived 
urgency correlate with perceived annoyance (Marshall et al., 2007) 
and warning designs of high urgency increase performance in collision 
events (Politis et al., 2013, 2014b). This negative characteristic also 
plays somewhat into the idea of affective interfaces that produce 

‘aversive user states’ (Ho & Spence, 2013) in order to prime self-
protective behaviors and gain valuable margins in critical situations.

Concept B: 
Speech Tacton

 » Speech is the most direct form of auditory communication. “Vehicle on 
your left!” leaves few things to interpret, and thus the literal design of 
Concept B which is based on the human voice is already familiar to 
users. Speech warnings, and certainly ones sounding the exact same 
every time, are indeed particularly susceptible to becoming annoying 
with repetition. In conditions of frequent exposure, i.e. where the 
inverted-U curve (Sluckin et al., 1983) apply, Concept B is likely to 
become less favorable over time due to grating familiarity. Which is a 
problem, as bicycling is an activity that spans whole seasons and even 
lifetimes for some.

 » On the other hand, the literalness of speech and Concept B may be 
the most favorable one in conditions of mere exposure per Stang 
(1974) in terms of being the most efficient at causing the least amount 
of confusion. The compromise comes in a lessened hedonic value—
verbal warnings are simply not very interesting. Concept B does, 
however, offer a slightly more aesthetic variant of verbal feedback, 
as it augments the speech signal with vocoders (harmony) and bass 
frequencies (vibrotactile sensations). This novelty aspect of Concept 
B could potentially yield higher affective ratings and an increased 
appreciation over time per academic reasoning on stimulus novelty 
and complexity (Berlyne, 1970; Sluckin et al., 1983; Stang, 1974).
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Concept C: 
Primal Metaphor

 » We hear sources of sounds and not sounds themselves; this is known 
as the connotative mode of listening (Tuuri et al., 2007). The grow-
ling, humming sound design of Concept C is particularly interesting 
because of its connotative ambiguity—is it mechanical or organic? 
This diffuse quality makes it, in my opinion, sit in between the novel 
and familiar on the inverted-U curve; it evokes notions of an engine 
as well as an animal but is also neither of them definitely. One could 
argue that Concept C is likely to place itself around the apex of the 
inverted-U curve due to this ‘familiar novelty’ and thus result in a 
certain ‘pleasingness’ or ‘interestingness.’

 » I personally agree with the notion above; the sound of a harmonious 
and animalistic engine with pitch relationships of perfect fifths in the 
low-end, per Concept C, makes for a powerful yet somehow pleasing 
sound design. A major downside is the warning signals’ lack of ex-
plicitness, as a metaphorical approach is used; users are supposed 
to intuitively connect the diffuse but somehow familiar engine-like 
timbre with the oncoming vehicle being referred to by the warning 
signal, and this may prove to be too big of an ask, cognitively, in a 
complex environment such as traffic.

Concept D1: 
Dynamic Blinker

 » The simple, two-note melodic pattern of Concept D1 along with its 
procedural, repetitive feedback type makes for a ‘familiar’ sound. Or 
rather, a type of sound that will quickly become familiar due to the 
longer duration of continuous warning signals. The same two pitches 
are heard repeatedly—tick, tock—only at a faster tempo. Given this 
harmonic and spectral simpleness, as well as conditions of frequent 
warning exposure, Concept D1 is likely to fall on the declining side 
of the inverted-U curve where appreciation decreases with time. 
The novelty of vibrotactile feedback via BCH, which accompany 
the repetitive blinker sound in Concept D1, could be somewhat of a 
mitigating factor.

Concept D2: 
Dynamic Growl

 » Concept D2 uses, with its ambiguous timbre, a metaphoric approach  
to imply the presence of a vehicle. While Concept C layered and 
processed particular animal samples to the same metaphoric ends, 
Concept D2 uses continuous feedback via procedural synthesis to 
generate its warning signals. The reverb effect, which dissipates as 
the urgency level increases and the oncoming vehicle approaches, 
adds a diffuse character to an already diffuse, synthetic timbre. The 
bimodal, mechanical character of Concept D2 was designed to evoke 
a familiar notion of a combustion engine. Concept D2 is—arguably—
likely to find itself on the ‘interesting’ top part of the inverted-U curve 
due to this ‘familiar novelty.’ Perhaps also towards the declining 
side of the arch, as warning exposure is more frequent per the con- 
tinuous feedback type and, as such, more prone to become grating 
over time.
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One can stop, step back, and consider if 
collision warnings should even be ‘pleasant’ 
or ‘interesting’ on top of being intuitive and 
effective. It goes without saying one cannot 
afford aesthetics over function in potentially 
life-threatening situations. On the other 
hand, in conditions of frequent, less severe 
warning exposure, the responsible thing 
to do might be to balance explicitness and 
novelty in order to avoid users disavowing 
their potentially life-saving product al-
together due to it becoming an irritable 
user experience over time. Too simple, too 
explicit, or rather too familiar warning 
stimuli is a potential problem considering 
bicycling is an activity that spans whole 
seasons and even lifetimes for some. If it 
so happens that collision warnings, as well 
as lesser awareness notifications, become 
a frequent and inherent part of the future 
cyclist’s experience, the best signal design 
is likely one which balances novelty with 
familiarity; I personally feel that the diffuse 
yet connotative qualities of Concept C and 
Concept D2 are heading towards that sweet 
spot of the novel and familiar.

6.1.6 Dynamic warning 
signals—feasible?

The procedural feedback type of Concept 
D1 and D2 faces more technical challenges 
compared to the threshold-based ones of 
Concept A, B, and C. V2X networks esta-
blish temporary networks between two 
road users via a cyclical exchange of data 
packages. For a dynamic warning system, 
the idea is to use this feedback loop to 
apply sonification—the practice of data 
visualization through sound (Freeman 
et al., 2017)—and do it in such a way that 
cyclists are continuously updated about 
the whereabouts of the detected collision 
vehicle in real-time. Previous work using 
wireless protection applications for cyclists 

have shown that 4G and GNSS solutions 
face connectivity and delay issues (Volvo 
Car Group, 2014). But perhaps will the pro-
mise of 5G networks (Koivisto et al., 2017) 
prompt a design interest in more precise 
and procedural protection applications in 
complex environments such as traffic.

Another design challenge regards the 
hardware capabilities of the hypothetical 
‘smart helmet’ that the warning signals of 
this thesis project supposedly belong to. 
The synthesis and procedurally generated 
sound of Concept D1 and D2 require con- 
siderable computer processing power to 
generate their dynamic warning signals. 
Whereas, Concept A, B, and C use audio 
samples that can be temporarily stored 
and played back via RAM to a lesser com-
putational cost. Calculations by a CPU or 
DSP, as required by synthesis, shortens 
battery life as more power is required. A 
dynamic warning system, which by its 
procedural nature lasts longer in duration 
and requires more computer processing, 
therefore also requires more frequent 
maintenance, i.e. battery upkeep, than the  
equivalent application that triggers shorter 
audio samples from memory. Unjustified 
amounts of maintenance can deter users 
from using a product altogether. These 
product concerns extend beyond inter-
action design, and it goes to say that 
procedurally generated warning signals 
hinge on the future technical limitations 
in terms of wireless communication and 
portable hardware.

The dynamic warning signals of this 
thesis have potential problems with their 
dynamic spatial design. Since changing  
intensity differences (panning) between 
each earpiece are used to denote and 
animate the implied direction of an on-
coming vehicle, the positioning is not 
global but rather relative and locked into 
the forward-facing direction of the user. 
The inherent unpredictability of traffic 
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calls for attentive head turns in many 
directions, particularly when approaching 
intersections, and thus such rigid spatial 
design risk being incorrectly offset by 
the brief but common head rotation(s). 
One idea is to apply a 3D tracking system 

wherein stimuli are kept positioned in a 
global coordinate system, rather than the 
user’s relative facing direction, using head-
related transfer functions (HRTF). 3D sound 
systems could also mitigate the front-back 
confusion which mere intensity differences 
(ILD) cannot solve. Møller (2016) found that 
head-tracked 3D sound for truck drivers 
via headphones improved the situational 
awareness of nearby cyclists and postulate 
that spatialized 3D sound is more useful 
when task complexity increases.

Are these design concerns all but a case 
of not seeing the forest for the trees? Much 
like the personal computer, a lot of existing 
components of technology must fall into 
the right place for a dynamic, procedural 
warning system to be realized. But is this 
near pipe dream worth the effort from a 
user’s perspective? I argue that much of the 
usefulness (or bearable-ness) of dynamic 
warning signals depend on their aesthetic 
design; they have to be novel enough to 
sustain interest over time without becom-
ing too familiar and irritable, yet not novel 
enough for their urgent meaning to be-
come hard to interpret during conditions 

of stress. During the open house at RISE 
Interactive Piteå, there were people that 
preferred Concept D2 the most because of 
the added detail and awareness it offered, 
but the same people were also quick to 
remark their preference with a sentiment of 

“if [Concept D2] works in the real world, that 
is.”

6.2 Project relevance

One of the main stakeholders of this thesis 
is RISE Interactive Piteå, a business that 
conducts concept development and imple-
mentation projects, often with a research 
tie-in, in collaboration with external part-
ners. Concept A (Brass Earcon) from this 
thesis is the most explicit contribution 
to their research project V2Cyclist, as it 
was included in their study of BCH for 
cyclists at Scania Technical Centre. A 
fitting contribution given the other types 
of warning signals that were tested: one 
based on auditory icons; one based on 
speech; as well as the melodic, abstract 
design of Concept A based on earcons 
and tactons. ‘Acceptance Scale’ evaluation 
(section 5.4.2) rated Concept A useful but 
not satisfactory. This lukewarm result is 
not the main contribution to V2Cyclist 
but rather the widened range of feedback 
types tested in the study, which Concept A 
helped extend, is. The performance of the 
melodically urgent, and annoying to some, 
timbre of Concept A could be contrasted 
and compared to the more minimal, less 
melodious, and gentle warning signals from 
RISE Interactive Piteå.

The partners of V2Cyclist, among 
them POC Sports, are the secondary and 
tertiary stakeholders of this thesis project. 
Or any other developers working in the 
context of C-ITS, and particularly safety 
solutions for cyclists, for that matter. While 
reducing collisions in traffic is a pressing 

The lateralization 
design via panning in 
the dynamic warning 
signals rely on the false 
premise that cyclists 
always keep their gaze 
looking straight ahead.
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issue—and one where technology may have 
a role to play—there were other design 
opportunities identified during the context 
immersion stage of this thesis; the kind 
of everyday problems which are not as 
severe as collisions but are still worthy of 
consideration in future products such as 
the ‘smart helmet.’ These contextual find-
ings are summarized by the user stories 
in Appendix C. For example, road work or 
otherwise unexpected obstructions in one’s 
stressful morning job commute can be a 
cause of frustration. Or, the common lack 
of situational awareness of cyclists when 
vehicles behind them are catching up at 
higher, uncertain speeds.

Given the everydayness of bicycling, a 
worthwhile product development might be 
one that also covers the mundane aspects 
of bicycling; such holistic features could 
make a future safety product for cyclists 
become more ‘cool’—as per the framework 
of Holtzblatt (2011)—than one ‘merely’ 
featuring a collision avoidance system 
which optimally should never need to be 
used at all. The contextual design work 
of this thesis (Appendix C) does not cover 
all the wants and needs of every cyclist, 
but it is a contribution to developers and 
researchers who in the future might aim 
to design life-centered products, i.e. ones 
that produce joy via creating a profound 
new way of bicycling, rather than task-
oriented products, i.e. ones that can only 
avoid a specific type of collision scenario. 
Of course, in an ethical sense, one would 
want to focus on the latter, more life-critical 
type of product first and foremost. Being 
able to effortlessly avoid dangerous traffic 
scenarios does indeed sound like a profound 
new way of bicycling, after all.

6.2.1 Relevance to users

Cyclists encompass a diverse set of users, 

contrary to the singular generalization of 
public perception. This diversity is reflected 
in the range of warning signals presented 
in this thesis, ranging from metaphoric 
evocations to literal speech. Some users 
may prefer the explicitness of speech while 
others may find such designs grating and 

instead prefer more abstract ones. This 
likely varying user preference, given the 
ubiquity of bicycling, prompts an idea of 
designing various ‘audio skins’ for users to 
choose from. Of course, given the crucial 
condition that all aesthetic choices should 
perform roughly the same in their function. 
Perhaps further, within certain design con-
straints for safety, give users additional 
customization by letting them solo, tune, 
or amplify the parts of the interactive no-
tification or warning stimuli they prefer—
adjusting the auditory, tactile, or bimodal 
sensations—similar to how one can mute 
sound or vibration in smartphones.

Elderly users have unfortunately been 
overlooked throughout this thesis. Seniors 
are arguably a particularly interesting type 
of cyclist, as bicycling is a relatively ac-
cessible way to encourage a healthy and 
active lifestyle. Our senses decline with 
age and there are neurological reasons 
to believe that multimodal interfaces 
may be particularly useful and effective 
for older people (Laurienti et al., 2006). 
Nevertheless, feedback from seniors have 

A future product could 
offer multiple variants 
of warning signals, in 
terms of modalities or 
aesthetics, to account 
for the diversity of 
cyclists.
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not been gathered and explored in the 
evaluation activities of this thesis project; 
the participants in the RISE Interactive 
study at Scania Technical Centre had an 
average age of 39 years old (SD=8.6) and 
the open demo day at RISE Interactive 
Piteå had roughly the same, middle-aged 
audience. Designing for other generations 
than one’s own is challenging, as people  
of different ages have different principled 
ways of interaction learned in their child-
hood (Holtzblatt, 2011). Alas, as can be seen 
with attitudes towards tablet computers, 
elderly users may not at all be compatible 
with a ‘smart helmet’ that uses the warn- 
ing signals of this thesis. 

6.2.2 Relevance to society

It does currently seem like the next gen-
eration of wireless 5G networks and com-
munication will pave the way for new types 
of products and innovations—or so its 
proponents foretell with great confidence 
for traffic safety applications (e.g. Koivisto 
et al., 2017). One prevalent and growing 
branch of design is the ‘smartification’ of 
modern cities, despite the parallel ethical 
discussion of privacy in the information 
age. The capital of Sweden aims to be-
come the ‘smartest city in the world’ by the 
year 2040 (City of Stockholm, 2017). Quite 
some slogan, indeed. Public appearances 
and politics aside, the relevance of the 
subject matter in this thesis—Cooperative 
Intelligent Traffic Systems (C-ITS) and  
their derived, future products—finds itself 
within with this vision of 2040 and simi- 
lar ‘smartification’ developments in many 
other parts of the world.

While this thesis project is not about 
the technological challenges that future 
C-ITS are facing, it is however about the 
user experiences of products within said 
networks. Namely, concerning the one of 

a hypothetical ‘smart helmet’ for cyclists  
with a collision avoidance system. Such 
a cool product (see section 6.2.4) for an 
activity so ubiquitous as bicycling could 
make a societal impact by appealing to a 
new audience; one that traditional safety 
gear for cyclists have previously not been 
able to reach, both in terms of non-helmet 
users and those who do not bicycle at  
all nor were considering it. Besides the 
health upshots and avoiding injury, such a 

future product that can protect users and 
improve their sense of situational aware-
ness and safety has also the —admittedly 
optimistic—potential of bringing positive 
ecological effects by making bicycling, as 
a substitute or alternative to the car, more 
attractive to those with plausible travel 
conditions.

Human-centered design entails more 
than what a literal reading of its name 
suggests—it considers the cultures and 
systems of individuals rather than only 
the ‘human’ (IDEO.org, 2015). It bears 
mentioning that the hypothetical product 
of a smart helmet, while protective, inad-
vertently puts the reponsibility of road 
user safety onto the individual. Products 
like ‘smart helmets’ are only a treatment 
for the symptoms—and not a cure for one 
of the underlying causes of VRU casualties: 
outdated transport infrastructure which 
fossil fuel-centric foundations were laid 
at the beginning of last century in times of 

A protective smart 
helmet developed for 
C-ITS could incentivize 
certain demographics 
to swap to bicycling 
as their main mode of 
transport.
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unprecedented industrial growth.
Traffic safety is complex and improve-

ments must take place on multiple fronts 
at the same time: infrastructural, cultural, 
as well as technological (Persson et al., 
2014). New technology cannot answer for 
everything. City planning, e.g. separated 
bicycle paths, lies outside the scope of this 
thesis, but its impact on traffic safety for 
cyclists and other road users cannot be 
understated, given the positive (re: safe) 
developments of ‘bike-minded’ cities like 
Copenhagen (Kaplan & Prato, 2015) and 
Amsterdam (Schepers et al., 2017).

6.2.3 Contributions to the 
design community

Another outcome from this thesis project 
is not strictly tied to cyclists and traffic 
safety applications but concerns rather the 
wider context of non-visual design: the 
novel and vibrotactile use of bone con-
duction headphones (BCH) using loud,  
low-frequency audio. The literature re-
view during this thesis did not find any 
prior research nor design guidelines re-
garding this audiotactile use of BCH. A 
thesis contribution thus becomes one to 
the design community. The results of this 
thesis and V2Cyclist could perhaps be the 
start of a more thorough investigation 
of the vibrotactile, bimodal use of BCH 
with regards to its limitations, perception 
of stimuli in general, and potent areas of 
application —but also its potentially health-
damaging effects as with anything novel 
and unexplored. Credit should be given to 
Stefan Lindberg, sound designer at RISE 
Interactive Piteå, who initially showed me 
the vibrotactile capabilities of commercial 
pairs of BCH.

The bimodal, audiotactile use of BCH 
is an interesting contribution to the design 
community because it is an example of 

lateral thinking (De Bono, 2015) and over-
coming design fixation (Jansson & Smith, 
1991). The preconception of a multimodal 
design space, one that requires multiple 

sensory devices, is side-stepped laterally 
by attaining two sensory inputs with the 
one and same device (BCH). A sort of 
outside-the-box thinking, or experimental 
intuition per Taura and Nagai (2017), if you 
will. However, the perception of sound 
and touch using BCH does not seem to 
be orthogonal—you cannot drastically in-
crease the strength of one modality and 
expect the other to remain perceptually 
the same. There seems to be an auditory 
precedence effect in which the vibrotactile 
sensations via low frequencies are masked 
by higher, auditory frequencies that are 
competitively loud.

6.2.4 Cool products and the 
idea of smart helmets

Looking at the grander scope of the subject 
in this thesis project—smart cities and 
protective systems—one could stop and 
ask if a smart bicycle helmet is a valid 
prospect for a future product. Are ‘smart-
helmets’ employed with a state-of-the-
art 5G tracking collision warning system 
going to be considered cool in the same 
way the first smartphones once were, or 

The bimodal design 
space attained via the 
one and same device 
(BCH) is a worthwhile 
novelty to explore 
further in the design 
community.
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would such a product have its public image 
soon projected, falsely so, as “just another 
tech-novelty for those slightly mad, lycra-
clad bike enthusiasts?” This question—here 
somewhat flippantly posed—deserves dis-
cussion and requires an understanding 
of what makes a product ‘cool.’ Which is 
to say, understanding the importance of 
creating joy using the products we sur-
round ourselves with and how they help us, 
as Holtzblatt (2011) puts it, “move along the 
unstoppable momentum of life” (p. 42).

Accomplishment is what Holtzblatt 
(2011) considers a crucial life aspect when 
it comes to achieving cool products and, 
ultimately, joy in life. A smart helmet with 
a collision warning system that only serves 
to warn its users of dangerous events by 
eliciting negative emotions—not to mention 
implicitly reminding users of their own 
mortality—seems on the face of it rather 
counter-intuitive if the aim is to achieve 
joy and accomplishment. Although, the 
net emotion of such an experience is likely 
one of gratitude, as one can imagine what 
knowing one just avoided danger feels like. 
Here, the ‘joy’ takes arguably the form of 
relief—the user was, for a brief moment, in 
control of life’s unstoppable momentum. 
In traffic, the sense of accomplishment 
and being in control, i.e. having situational 
awareness, are closely related. Dynamic 
warning signals deserve, as such, to be 
entertained in thought; their continuous 
feedback which alters in real-time gives 
users a more precise-to-life image of sti-
muli but also a greater sense of control; a 
greater feeling of joy.

Connection is the second most im-
portant life motivator when designing for 
cool according to Holtzblatt (2011). Cool 
products are those that enable social 
connections with those who matter to 
us. This core life aspect is not all that 
fulfilled in the hypothetical ‘smart helmet’ 
which primary end is collision avoidance. 

Holtzblatt (2011) points out how not all 
products can or even should fulfill every 
aspect of life. Interestingly, the idea of 
crowdsourcing awareness of road hazards 
(Jenkins et al., 2017) is, although passive, 
a form of human connection; a sense of 
belonging to a community through being 
a do-gooder and helping fellow road users 
by reporting useful geodata via one’s 
voice while being on the go. But not every 
knife has to be a swiss army one—a design 
temptation that can result in unnecessary 
complexity and confusion for users by the 
abundance of choice rather than joy. 

Cool products are tools that help us 
find our place—our Identity—in the world; 
be it via lifestyle, activities, or values 
(Holtzblatt, 2011). Granted, the protective 
traffic systems of the future, mediated via 
a smart helmet or otherwise, are not going 
to be a narrative tool for people to explore 
and cement their identities in the next age 
of social media. Most bicycle users do not 
actually identify themselves as ‘cyclists’ 
contrary to the sweeping labels often seen 
in public discourse. Bearing this in mind, 
one idea would be to implement features 
that affirm bicycling milestones of smart 
helmet users, and thus imply or strengthen 
an identity via the product. Be it affirming 
users’ own sense of healthiness in terms 
of miles traveled, their perceived image of 
eco-friendliness in terms of hypothetically 
spared carbon dioxide emissions, their 
longest streak of uninterrupted travel, or 
perhaps affirmations of the more humorous 
kind such as how many traffic jams they 
have avoided via the bicycle lane.

Sensation, or sensual delight, is the 
fourth life motivating aspect Holtzblatt 
(2011) present in her ‘Wheel of Joy’ frame-
work for cool products. A particularly 
satisfying sound, for example, enhances 
the joy found in products rather than pro-
duces it, and Holtzblatt (2011) stresses the 
importance of making sensation a natural 
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part of the user experience. Much of the 
warning signal design in this thesis project 
revolves around attempting to achieve this 
natural type of interaction via the use of 
emotional sounds. Be it in a: musical and 
abstract way (Concept A and D1); a more 
literal way (Concept B); or in a metaphor-
ical, perceptually similar, and ‘animorphic’ 
way (Concept C and D2). With regards 
to the latter two, the design intent was to 
naturally let users become more aware of 
their surroundings using audiotactile sen-
sations resembling those of an engine, or 
rather ones that perceptually evoked the 
presence of a vehicle.

Joy found within product use makes 
the joy in life accessible. The Triangle of 
Design by Holtzblatt (2011) presents three 
important aspects of joy in product use: 
direct into action, the delta, and the hassle 
factor. 

 » Direct Into Action provides a pro-
found immediacy for users, enabling 
them to fulfill their intents directly 
from the get-go. The results of this 
thesis and their medium, the use 
of sound and vibrations to increase 
situational awareness, inhabits such 
Direct-Into-Action qualities as the 
primary task of our ears is to guide 
our vision (Perrott et al., 1990). 
Orientation by sound is intuitive on a 
visceral level.

 » The Delta considers the learning 
curve of products and enables the 
Direct-Into-Action aspect. The Delta 
varies from generation to generation; 
people establish their fundamental 
ways of interaction in their childhood 
(Holtzblatt, 2011). The design rationale 
in this thesis was based on research 
guidelines, scientific theory, cultural 
convention, and metaphor-priming 
by perceptual similarity to account  
for such differences in ‘deltas.’ Alas, 

there is a glaring lack of feedback from 
older generations in this thesis. Their 

‘delta’ may not at all be compatible 
with the idea of a smart helmet using 
the warning concepts proposed here; 
a shame, if that were to be true, given 
the health upshots that bicycling can 
bring for this particular demographic 
and how bicycle safety technology can 
possibly incentivize people to become 
more active in general.

 » The Hassle Factor is a balancing act 
within the design process: the art of 
solving a problem without introducing 
a new one. Cool products that can 
remove both the synthetic and natural 
hassle of life renders an experience 
of joy. While the onboarding process 
is an important aspect of products 
so is also the required maintenance 
during their continued lifespan. The 
daily maintenance of smartphones, 
which are pervasive to our everyday 
life, is motivated contra its required 
amount of hassle. But such frequent 
maintenance may not be motivated 
enough for a product solely featuring 
a collision avoidance system which 
under the best possible circumstances 
should never need to be used. One 
idea to balance this disproportionate 
hassle factor is to somehow—and one 
big how at that—use the bicycle as a 
natural, regenerative energy source 
and thus conveniently integrate the 
most common form of maintenance, 
battery upkeep, into the main activity 
of transportation.

To conclude, a ‘smart bicycle helmet’ of 
this hypothetical kind, featuring ‘only’ a 
collision avoidance system, both inhibits 
and lacks some of the necessary wind 
conditions for cool. Holtzblatt (2011) de-
scribes life-centered design as the focus on 
the chunks of activities that make up any 
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bigger task; from the specific to the holistic; 
from tasks to life. Given the everydayness 
of bicycling, such a helmet of the future 
might indeed have the potential to be-
come a product that generates joy in the 
unstoppable momentum of life. A product 
that, if done well, is “hard to go back from.” 
But at this preliminary stage, standing on 
the techno-evolutionary doorstep of 5G, it 
is hard to say if a state-of-the-art collision 
avoidance system is enough to suffice for 

‘cool’ and not expensive novelty. While 
such a hypothetical product promises to 
accomplish the most crucial task of cyclists 
as well as other road users—staying safe—
its presumed rare occasions of use and 
disproportionate hassle factor may deter 
from an investment to begin with. 

6.3 Recommendations

This thesis presents a range of five 
warning signals in a multimodal human–
computer interface for cyclists using 
sensations of sound and touch, but lacks 
an intercomparison of performance be-
tween the presented designs. Specifically, 
evaluation in more controlled conditions 
with more external viewpoints other than 
the one of the designer. Only Concept A 
(Brass Earcon) has been evaluated more 
rigorously, as it was included in the study 
by RISE Interactive conducted at Scania 
Technical Centre (section 5.4.2). Some 
external feedback was however gathered 
more informally during the open house 
demonstration at the offices of RISE Inter-
active Piteå with regards to preliminary 
versions of Concept A, B, and D2. Still, 
further developments for this thesis in-
clude first and foremost a more thorough 
and comparative evaluation of the five re-
sulting warning signals.

6.3.1 Ecological validity

The evaluation activities in this project, 
including the RISE Interactive study, lack 
ecological validity—the concepts have not 
been reviewed in a real-life setting while 
on a real bicycle, that is. Well, outside the 
subjectivities of the designer during ‘field 
listening.’ Considering the complexity of 
traffic and its overload of various stimuli, 
further studies could evaluate how users 
perceive and respond to the proposed 
collision warning signals during stress 
and cognitive load, preferably while being 
kinetically active on a bicycle. 

The Colavita visual dominance effect, 
in which people fail to notice auditory 
stimuli when concurrently presented with 

visual stimuli (Spence et al., 2012), and 
the ventriloquist effect, in which people 
falsely attribute a spatially incongruent 
auditory stimulus to a coinciding visual 
event (Gray et al., 2013), are both human 
factors worthwhile to consider in future 
product developments aimed to improve 
the situational awareness of cyclists. These 
cognitive phenomena could be causes of 
confusion in an applied traffic setting. The 
ventriloquist effect is relevant to blind spot 
scenarios in traffic where there is no valid 
visual target yet many incorrect ones to 
falsely attribute the warning signal to.

Results of the RISE Interactive study 
(section 5.4.2) indicated that affective 

Studies of perceptual 
phenomena, likely to be 
incited by the busy load 
of traffic, that falsely 
project warning signals 
to unrelated road users 
are recommended.
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ratings of stimuli modulated with the 
perceived urgency of the evaluation en-
vironment; participants felt that Concept 
A was more annoying in the non-eventful 
audiovisual simulation, whereas the same 
warning signals were deemed more ap-
propriate in the far more critical collision 
scenario in VR (judging by their increase 
in favorability). Designing warning signals 
appropriate for the exterior, noisy traffic 
environment proved to be challenging 
in an interior, quiet office environment.  
Future developments should, therefore, 
consider how ratings of perceived appro-
priateness modulate with the perceived 
urgency of the given environment or test 
scenario.

6.3.2 Emotional and 
behavioral aspects

Much of the design rationale adhered to 
previous multimodal guidelines—e.g. how 
stimuli rate modulate perceived urgency 
(Marshall et al., 2007; Pratt et al., 2012; 
Politis et al., 2013)—but another aspect was 
the intent of evoking emotions. Rather, 
attempting to elicit ‘aversive human emo-
tional states’ (Ho & Spence, 2013) in the 
user via the warning signals as a means to 
prime more effective, behavioral actions. 
Concept D2 and particularly Concept C 
were designed to have such a threatening 
‘visceral appeal’ by drawing upon looming 
and animalistic characteristics. However, 
what I find ‘threatening’ as a metaphor for 
an oncoming vehicle may ultimately not 
correlate with the experience of first-time 
users. A closer evaluation of the ‘desirably 
unpleasant’ and visceral aspects of the 
warning signals—to elicit a more intuitive 
interaction—are therefore recommended.

While users in a more reflective, non-
urgent setting may prefer speech warnings 
because of their inherent explicitness, it 

may be a different story in an applied 
setting; words such as “left” and “right” 
have to be verbally interpreted and may 
not elicit a user response as rapid as an  
abstract, threatening stimulus potentially 
may be able to do intuitively. Of course, 
a warning signal cannot be arousing or 
threatening to the point of being immo-
bilizing or provoking too drastic counter-
measures; the novel and threatening 
has to be balanced with the familiar and 
interpretable. 

Given a context of rarely occurring 
collision warnings, relative to the biking 
experience as a whole, one must consider 
the eventual startle response sudden 
warning stimuli may provoke. A ‘looming’ 
design approach, both temporally and 
spectrally, was taken as a countermeasure 
to this concern. None of the five warning 
signals go from absolute silence to maxi-
mum volume; each concept ramps up in 
intensity over a duration of ca 200 ms 
and some deliberately present lower fre-
quencies before higher ones. This design, 
which compromises milliseconds due to 
the ‘start-up’ cost of a ramp, was intended 
to bring two benefits: imply that some- 
thing is approaching (looming) as well as 
reduce the eventual startle response of  
loud stimuli. However, this design aspect 
has not been evaluated specifically and is 
hence another recommendation for future 
work.

6.3.3 Spatialized audio

Most of the presented warning signals are 
static in their given direction—left, right, 
or center—and it is up to users to actively 
figure out, or intuitively understand based 
on their current context, if the warning 
signal referred to something behind or in 
front of them. While attention is grabbed, 
this unspecified front/back direction is 
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likely not the most efficient way to strain 
attentional resources when being in traffic; 
this binary approach of Concept A and 
Concept C is not optimal. Concept B has 
better spatial acuity and uses an additive 
approach where combined verbal directions 
such as “from behind, left!” make up the 
referred direction. Concept B is, however, 
still binary in the vibrotactile sense as the 
low-frequency stimuli occur on either side 
of the head via stereo panning. Concept 
D1 and D2 have more lateral acuity as 
their stereo panning interpolate positions 
between the two stereo channels, but they 
also face the same front/back issue.

One could turn to spatialized audio 
to solve this challenging design problem 

of front-back uncertainty. Soundscape, 
a navigational mobile application with 
accessibility in mind, uses such three-
dimensional audio to convey geographical 
waypoints to users (Microsoft Research, 
2018). A recommendation for future de-
velopment is to explore the possibility 
of spatializing the warning signals using 
head-related transfer functions (HRTF). 
By simulating interaural cues—time and 
intensity differences as well as head and 
pinnae shape filtering (Blauert 1997)—cy-
clists could potentially be able to discern 
the position of an oncoming vehicle more 

naturally. MacDonald et al. (2006) showed 
that localization performance with spatial-
ized audio is nearly identical for BCH and 
regular headphones. But what has not been 
studied is if the novel and audiotactile use  
of BCH as presented in this thesis would 
still apply to ‘three-dimensional’ low-fre-
quency audio filtered through HRTF.

6.3.4 Health concerns with 
the novel use of BCH

Occluded ears add a ‘boomy’ effect to our 
hearing at 200 Hz and below; occluded 
bone conduction hearing adds a loudness 
increase of 10–20 dB in the lower range 
(Watson, 1938). Here, occluded bone con-
duction hearing will likely enhance the 
vibrotactile perception of the audiotactile 
warning signals, as it amplifies the per-
ception of low frequencies. In today’s ear-
bud-busy world, it isn’t unlikely to think 
someone will try to use bone conduction 
technology while also having in-ear head-
phones plugged in. Adell et al. (2014) 
estimate that one in five Swedish cyclists 
use their phone/mobile IT while biking 
in which the most common activity is 
listening to music using earphones. While 
developers may advise users not to, the 
reality of it is that some people will still 
occlude their ears because there simply is 
an ‘affordance’ (per Norman, 2013) to do 
so. Therefore, a recommendation is to look 
further into the concurrent use of BCH and 
in-ear headphones, and how that changes 
the perception of the low-frequency, vibro-
tactile stimuli.

No hearing damage has been sustained 
over the course of this thesis project, in 
which a commercial pair of BCHs were 
used in a novel way via loud, low-frequency 
sounds. Our loudness perception is not 
linear; we are not as sensitive to lower fre-
quencies, say from 100 Hz and below, as 

The possibility of using 
BCH to vibrotactile 
ends via loud, low-
frequency audio with 
3D sound using HRTF 
has not been explored 
in this thesis and is a 
recommendation for 
further studies.
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we are to mid frequencies at 1,5 to 3,5 kHz 
(ISO 226:2003). However, this attenuated 
perception in the low-end does not make 
the physical intensity—the literal ‘force’ 
onto the fine hairs in our inner ear—of loud 

low-frequency vibrations any less intensive. 
A closer look at the potential risks of hearing 
damage is therefore recommended with 
regards to this novel, vibrotactile use of 
BCH. No loudness measurements were 
made. The volume was turned up to a level 
where the resulting vibrotactile effect via 
the BCH was felt clearly but not jarringly  
nor painfully. During field listening, the 
volume slider of the smartphone applica-
tion was set to about 80%. Which indeed 
would be quite loud for a normal pair of 
headphones, but apparently not with the 
stimuli evaluated and the BCH model used 
(Aftershokz Sportz 3).

No hearing damage has 
been sustained from 
the novel use of BCH 
over the course of the 
thesis; further studies 
are recommended.
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This thesis presents five different collision warning signals within a specific bimodal design 
space in which existing technology, bone conduction headphones, is used in a novel, vibro-
tactile way. The resulting concept designs are the main contribution of the thesis to which 
the primary stakeholder RISE Interactive Piteå, as well as their V2Cyclist collaborators, are 
the recipients of. The project results relate to the human–computer interaction prospect of 
a ‘smart helmet’ for cyclists equipped with a collision avoidance system, but not any specif-
ic product currently in production. Because of the explorative and uncertain nature of this 
context, along with the lack of intercomparison between warning designs, this thesis pre-
sents conclusively a range of warning signals for cyclists rather than a final, definitive one.

7.1 Objectives and aim

The initial project objective was to deliver 
a concept for a user interface aiming to 
improve the situational awareness of cy-
clists. But this came to change as the pro-
ject developed. Instead of diverging and 
converging the design space open-endedly 
with different kinds of solutions and me-

diators, the focus shifted to exploring a 
more close-ended, nevertheless intriguing, 
design space in more detail. Namely, a 
design space in which bone conduction 
headphones (BCH) were used in an audio-
tactile, i.e. bimodal, way. Supposedly to 
be integrated with a bicycle helmet as a 
product for our presumed connected and 
intelligent future. Situational awareness is 
a broad concept and it was simultaneously 

Conclusion
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decided to converge that scope into only 
pertaining to the design of collision warn-
ing signals. Thus, the objective shifted to 
delivering a range of concepts for warning 
stimuli contained within this novel use of 
BCH.

The aim of the thesis project was to 
supply RISE Interactive Piteå, and indi-
rectly their collaboration partners, with 
complementary points of view in their 
V2Cyclist project. Two of the more novel 

contributions of this thesis are Concept C 
and Concept D2; these designs attempt 
to convey urgent information on a more 
visceral, emotional level—compared to the 
‘speech and beeps’ of conventional warning 
signals—by means of inducing metaphors 
via connotatively ambiguous, threatening 
timbres. Another complementary point of 
view is dynamic collision warning signals; 
feedback is procedurally generated and 
modulated via synthesis according to the 
urgency of the current environment, as 
means to more intuitively communicate 
and improve the situational awareness of 
cyclists. Such designs, like Concept D1 and 
D2, face many technical challenges, both 
in terms of the acuity of future wireless 
networks as well as hardware integration 
and development.

Through a design process, a secondary 
objective of this thesis was to add to 
the relatively unexplored body of work 
concerning C-ITS and human–computer 
interaction for vulnerable road users and 
specifically cyclists. Also, especially so 
concerning designs of non-visual modal-
ities, given the visual overload of traffic. 
This thesis contributes via this secondary 
objective, as it so happens, also a novel 
and bimodal application of BCH to the 
design community in a wider sense. The 
audiotactile use of BCH is an example 
of lateral thinking—it side-steps the pre-
conceived notion of having to use two, se-
parated sensory devices to achieve multi-
modal stimuli by accomplishing this using 
one, unified device. Other application con-
texts for this novel use of already existing 
technology remain to be explored.

7.2 How might a 
multimodal solution 
improve the situational 
awareness of cyclists 
and their sense of 
safety?

Traffic can be an uncertain and visually 
overloaded environment for any road user; 
bicycling requires more visual demand 
than driving (Mäkela et al., 2015). Tech-
nology has the potential to filter out and 
accentuate what is important to us; design 
has the ability to introduce profound and  
effortless ways of moving through one's 
unstoppable momentum of life (Holtzblatt, 
2011). This thesis argues that a non-
visual user interface has the potential to 
accomplish such holistic improvement in 
life through the everydayness of bicycling. 
Our sense of safety, and conversely our 
stress levels, are related to our sense of 

A novel application 
of bone conduction 
headphones is con-
tributed to the design 
community; one that 
side-steps the idea 
of having to use two, 
separated sensory 
devices to achieve 
multimodal stimuli.
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control in a given situation. Interactions 
with an augmented world via a non-visual 
user interface through intuitive stimuli has, 
potentially, the ability to improve our situ-
ational awareness, sense of control, and by 
extension our sense of safety. 

Design is making sense out of chaos 
(Kolko, 2006) and, rather aptly, the warn-
ing signal designs of this thesis intend to 
reduce the chaotic nature of traffic by im-
proving the situational awareness of cy-
clists—given that the right technological 
conditions fall into place. As we are cur-
rently standing on the techno-evolutionary 
doorstep of 5G networks and developed 
C-ITS, the subject matter of this thesis is 
bound to increase in relevance. While de-
veloping the technical infrastructure for 
our presumed, connected future is a given 
requisite, designing more than ‘just usable’ 
user interfaces is equally imperative for 
the success of any product in such future  
C-ITS. The discussed ideas and concepts 
presented in this thesis relate to the aspect 
of human–computer interaction in such 
future, protective traffic systems.

A foundation in the design rationale 
of this thesis is multiple resource theory: 
our attentional resources are modality-
specific and new tasks can be performed 
more efficiently when distributed across 
modalities (Wickens, 2008). The presented 
warning signals accomplish multimodal 
stimuli via a novel use of bone conduction 
headphones wherein loud, low-frequency 
audio elicit a vibrotactile response, resul-
ting in a combined sensation of sound 
and touch. Perceptual load theory (Lavie, 
2005) stands somewhat in contrast, but 
not entirely, to Wickens (2008) theory 
of distributed attentional resources, as it 
argues that people have a limited cognitive 
capacity regardless of sensory division. 
Although not explicitly tested with tasks 
of identifying targets, people did not 
self-report such sensory overload or that 

the warning signals interfered with their  
visual perception. More ecologically valid 
testing with external participants has not 
taken place, however.

The vibrotactile dimension provides 
a sometimes needed redundancy in the 
warning signal concepts; the vibrotactile 
component of the warning stimuli was less 
masked by the noisy traffic environment 

and proved useful in scenarios where the 
auditory part of the warning stimuli had 
to compete with a temporarily loud traffic 
event. The use of sound was a natural de-
sign choice in this visually taxed context 
of traffic, as the primary task of our ears is 
to guide our vision (Perrott et al., 1990). 
There is also an additive strength to this 
multimodal, audiotactile use of BCH—a 
congruent pairing of sound and touch that 
becomes perceptually more than the sum 
of its individual parts. Such ‘multimodal 
saliency’ in the presented warning signals 
is likely to prove particularly useful in cog-
nitively noisy environments, such as in 
traffic, motived by how additive sensory 
pairings are more effective at grabbing and 
reorienting our spatial attention compared 
to unimodal stimuli (Gray et al., 2013).

There is an additive 
strength to this use of 
multimodal stimuli—a 
congruent pairing 
of sound and touch 
becomes perceptually 
more than the sum of 
its individual parts. 
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7.3 Can danger be 
conveyed intuitively 
in a human–computer 
interface for cyclists?

One of the main challenges to designing 
a collision warning is how to convey 
its urgency and meaning with the least 
amount of cognitive strain; the warning  
stimuli should be brief and intuitive to  
optimize response time while simultan-
eously explicit and distinct enough in its 
meaning to never be confused with any-
thing less than a critical situation. The 
presented signals were designed under 
the assumption that collision warnings 
in the presumed C-ITS of our future are 
relatively rare compared to the cycling 
experience as a whole; this—thankfully—
sparse exposure to accidents together with 
the criticality of the situation does not  
allow for a steeper learning curve as it, 
bluntly put, could be a matter of life or 
death. This thesis explores and attempts  
to convey such intuitive expressions of 

‘imminent danger’ using the following 
techniques and concepts.

Use of cultural conventions. The 
melodic approach of Concept A (Brass 
Earcon) uses two levels of warnings, in 
which an ‘urgent musical timbre’ was 
designed to convey danger and call for 
attention. This ‘urgent timbre’ stemmed 
from multiple, harmonized brass instru-
ments because of their arguably inherent 
harsh and aggressive sonic characteristics, 
as often heard in pop culture and parti-
cularly film scores. The brass timbre was 
also chosen for its acoustic similarities to 
car horns—a relevant connotation given the 
context of traffic.

Explicitness. The literal approach of 
Concept B (Speech Tacton) uses speech to 
convey danger. A low-frequency, vibrotac-

tile component is designed to mimic the 
rhythm and fluctuations of an auditory, 
verbal warning resulting in a bimodal sti-
mulus. This design is similar to those of 
Politis et al. (2014a) and Summers (1992)  
but is here, using BCH in a novel way, 
achieved with one device. However, while 
able to be precise, speech may not be as 
intuitive or efficient as other feedback 
types; verbal instructions are abstract in  
the sense that they first have to be inter-
preted—people do seem to confuse “left” 
with “right” and vice versa.

Visceral appeal. Concept C (Primal 
Metaphor) is designed to tap into our ev-
olutionary past and the visceral parts of 
our perception. It uses a threatening, am-
biguously animalistic timbre with a loom-
ing envelope-shape. Indeed, emotion is a 
call to action (Hillman & Pauletto, 2014) 
and can be profoundly intuitive when ap-
plied in design. Larsson and Västfjäll (2013) 
regard emotions as the human, biological 
alarm system. Concept C relies on the 
metaphor-creation within the user—as per 
Pirhonen (2014)—to convey an intuitive 
sense of danger and by metaphoric ex-
tension evoke the notion of an oncoming 
vehicle.

Dynamic feedback. Both of Concept 
D1 (Dynamic Blinker) and Concept D2 
(Dynamic Growl) base their procedurally 
generated feedback on a convention in de-
sign: manipulating the rate of stimuli to 
suggest a sense of proximity. Continuous 
feedback makes it easier to anticipate 
changes in state (Ferris & Sarter, 2010). 
Here, changes in proximity to danger or 
rather the urgency level. Concept D2 mo-
dulates its timbre over time to convey a 
more dynamic sense of danger. Modula-
tions such as: introducing more high fre-
quencies by opening up a low pass filter; 
implying a closer presence by reducing 
reverberations; adding more harmonics 
and overtones by increasing the FM-like 
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vibrato in the synthesis patch; and adding 
a ‘sharp’ high-end via bitcrush distortion. 
All in service of creating the impression 
of something approaching and becoming 
more dangerous over time.

Multimodality. All of the five warn-
ing signals cover a wide range in the 
frequency spectrum in their respective 
combinations of vibrotactile lows with 
audible mids and highs. When balanced 
in a certain way and put through BCH, a  
bimodal stimulus emerges that is more 
salient than the sum of its individual 
parts. Regardless of semantic content, i.e. 
if deemed dangerous or not, the gained 
saliency of such bimodal sensations call 
upon attention more effectively than uni-
modal stimuli. The mix of vibrotactile 
low-end and audible mid-to-highs is mo-
dulated in Concept D1 to convey urgency 
more dynamically: the vibrotactile sensa-
tions are gradually increased in strength 
as the urgency level increases. A design 
inspired by how multimodal warning sig-
nals are rated more urgent than unimodal 
ones (Politis et al., 2013).

Crossmodal texture. Vibrotactile tex- 
ture correlates perceptually with auditory 
timbre (Hoggan & Brewster, 2007a). The 
low-frequency designs of this thesis that 
elicit vibrotactile sensations do not use 
simple sine waves for their waveforms. 
Rather, they consist of a dense cluster of 
frequencies at 150 Hz and below. Such 
a crossmodal, ‘rough’ texture to suggest 
danger, both heard and felt, was achieved 
through FM synthesis using certain pitch 
ratios between the carrier and modulator 
waves. A frequency cluster by itself adds 
texture, and the pitch ratios were tuned 
to generate ‘sidebands’ of musical fifths, 
octaves, and thirds; this design shaped the 
low-end cluster into a more harmonic and 
powerful sound. Concept A, B, D1, and D2 
use such FM synthesis for their low-end 
timbre. Concept C, on the other hand, uses 

a sample of a tiger snarl to supply its low-
end in which similarly powerful and even 
harmonic pitch relationships were found 
and exaggerated.

Size-sound symbolism. Indeed, as 
David Huron (2013b, 0:22) puts it by para-
phrasing Ohala et al. (1997): “One of the  
best generalizations one can make about  
sound is that low-frequency sounds are asso-
ciated with greater size and greater mass.” 
This size-sound symbolism theory is natu-
rally applied in all the five warning signal 
concepts due to their audiotactile design; 
a loud, low-frequency component was re-
quired in order to emulate a vibrotactile 
response from the BCH. In nature, the use 
of loud and low pitches signal aggression 
(Huron, 2012). Conveniently enough, given 
the context of traffic, this use of low-pitch 
energy fits well with conveying danger and 
the referent of the warning signal—a large 
and threatening object in the form of a 
vehicle.

Looming sounds. A large body of 
research shows that humans perceptually 
prioritize sounds that appear to encroach 
our personal space; unpleasant looming 
sounds evoke more intense emotional re-
sponses (Tajadura-Jiménez et al., 2010a); 
sounds with rising intensity activate the 
amygdala i.e. the brain’s warning central 
(Bach et al., 2008) as well as a distributed 
neural network that supports attention, 
motor perception, and motor planning 
(Neuhoff, 2016). Looming characteristics 
are, therefore, baked into the design of 
all warning signals. The spectral shape 
of sound changes with distance; given 
equal starting amounts, the energy of  
higher frequencies diminish faster than 
lower ones due to shorter wavelengths 
(Blauert, 1997). Bearing such physics in 
mind, looming characteristics are imposed 
on each warning signal design using am-
plitude, low pass filter, and reverberation 
modulation.
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Questionnaire
APPENDIX B (1 of 2)

RESPONSES
164

How old are you?Q1

In what environment do 
you bicycle the most?Q2

How often do you 
bicycle with earphones?Q3

Do you use any particular bicycle clothes and accessories?Q5

77% 23%
Urban Countryside

45% 21%
Never Often

Ages 15–24 (n=48) had the 
highest share of Always (10%) 
and Often (35%) when using 
earphones. Conversely, ages 
35–44 (n=39) had lesser shares 
of Always (3%) and Often (15%).

Swedish online forum for 
bicycling (62%)

Student email send-out (26%)

Social media post (12%)

Bags were most popular.

Other articles: Cycling 
glasses (32%), flourescent 
vest (11%) and strip (10%), 
additional protection (8%).

Helmet usage was above the Swedish 
average of 36%. But, among ages 
15–24 it was only 7%. Countryside 
cyclists had the highest usage of 79%. 
Non-helmet users used earphones 
more often (38% contra 10%).

Fitness gadgets was the 
third most common choice, 
most popular among ages 
45–54 (n=21) and least so 
between ages 15–24 (n=2).

Never — Rarely — Sometimes — Often— Always

If so, what do you listen to?Q4

73%

17%
37%

13%
Pop/rock/dance

Classical/jazz

Radio

Spoken content

78%

36%69%

15–24 25–34 35–44 45–54 55+

29% 24% 24% 22% 1%
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Non-helmet users used earphones 
more often (38% contra 10%).
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most popular among ages 
45–54 (n=21) and least so 
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Younger people (15–24) had less 
ratings of 1, 2, 3 than older people.

Non-helmet users felt, on average, 
more safer than helmet users.
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”
“

Dooring

As a cyclist, I’d prefer a comfortable distance to 
parked cars when riding on bicycle paths beside 
them so that I won’t have to fear being severely 
hit by a suddenly opened car door, and won’t have 
to second-guess the intention of unaware car 
passengers by trying to find and read their faces in 
a tiny car mirror.

Conflict Situations
User Story 

”“

Merging lanes — taking control 
or negotiating safely

As a cyclist, I want to be notified when two road 
lanes merge into one, so that I can take control 
of my current lane and prevent impatient drivers 
behind me from attempting an unnecessary and 
dangerous overtaking which forces me into the, 
often, badly conditioned gutter.

Conflict Situations
User Story 

”“

Squeezed by turning vehicles  
at intersections

As a cyclist heading towards an intersection, I want 
to be notified when my current bike lane merges 
into the main, shared lane so I can be more cautious 
and prevent myself from being squeezed by the 
side of a long, turning vehicle which previously had 
been driving up beside me and may have missed 
my presence.

Conflict Situations
User Story 
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”
“

Tedious pathway zig-zagging 

As a cyclist, I’d prefer to not zig-zag my way through 
various bicycle paths to get to my destination, and 
in so avoid riskful exposure to intersecting traffic 
at pedestrian and cyclist crossings as well as the 
grating stops in the flow of travel.

Conflict Situations
User Story 

”
“

Unexpected moves in traffic

As a cyclist, I want to be more aware of unexpected 
and reckless moves from motorists, such as 
illegally changing lanes across the bike one I’m 
currently on, so that I can be more proactive and 
feel more safe.

Conflict Situations
User Story 

”
“

Mutually agreed ‘right of way’

As a cyclist heading towards a crossing at the 
same time as a vehicle, I’d appreciate a clear and 
mutual confirmation of who supposedly will yield 
to whom — factoring in the informal and contextual 
factors — so that misunderstandings and stressful 
scenarios can be avoided.

Conflict Situations
User Story 

”“

Suddenly emerging 
pedestrians

As an urban cyclist, I’d preferably avoid biking in 
lanes that are next to the ones of pedestrians and 
particularly in areas where people may suddenly 
emerge onto the bike lane from an obscured bus 
stop or metro entrance, so that I can travel along 
with a calmer peace of mind.

Conflict Situations
User Story 

CONFLICT SITUATIONS

”
“

Blind spots at intersections

As a cyclist, I want other road users to be aware 
of my presence just as I am aware of theirs, 
particularly larger vehicles given their blind spots, 
so that I can safely cross intersections in scenarios 
when I have a vehicle waiting to make a right-turn 
beside me.

Conflict Situations
User Story 
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”
“

Roundabout overtakings

As a cyclist, I want to feel safe and in control when 
exiting a roundabout and not be on edge because 
impatient drivers behind me might attempt to use 
the widened space to overtake me — despite that 
there’s only one lane — so that I don’t risk being hit 
or squeezed out of the road.

Conflict Situations
User Story 
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”“

Dangerous intersection — 
concurrent green lights

As a cyclist, I want to be aware of scenarios where 
my green light coincides with another, intersecting 
green light — the turning road user of the two is 
supposed to yield — as well as if the other crossing 
road user has recognized my presence so that I can 
avoid a potentially lethal traffic misunderstanding.

Conflict Situations
User Story 

”
“

Oncoming vehicles

As a cyclist, I want to be notified of any oncoming 
vehicles with high speeds that may intersect with 
my path, and especially in crossing path scenarios 
as my visual focus might be on other, seemingly 
more important things such as pedestrians or 
simply be obstructed due to geometry.

Conflict Situations
User Story 

”
“

Blind spots of larger vehicles

As a cyclist, I want to be aware of hazardous 
positions relating to other road users’ blind spots 
so I don’t get squeezed or even hit by the side of 
longer, heavier vehicles in, say, a turning situation 
at a crossing path.

Conflict Situations
User Story 

Hazards & Awareness
User Story 

”“

Changing lanes while overtaking 
and hard-to-catch car indicators

As a cyclist, I want to be aware when a car riding 
parallel to me plans to do an overtaking while 
changing temporarily into my lane so that I can 
act safely and accordingly—my limited peripheral 
vision might miss the car blinkers indicating the 
lane change depending on the given car model and 
lighting conditions.

Conflict
Situations

User Story 

”
“

Road users disobeying red lights

As a cyclist, I want to know if a road user is 
attempting to run through a red light, especially at 
crossing paths, so I can act precautiously or — if it 
comes to it — move quickly out of the way.

Conflict Situations
User Story 

”“

Being recognized in time 
at crossing paths

As a cyclist approaching an intersection where 
I have the right of way, such as a crossing path, I 
want to be sure that intersecting car drivers have 
recognized my presence and intent to cross—the 
higher speeds of bicycles may surprise drivers who 
only are searching for pedestrians at the crossing.

Conflict Situations
User Story 

”“

Vehicles and objects in the 
bicycle lane

As a cyclist, I don’t want objects or vehicles such 
as wrongly parked cars, off-loading trucks, or even 
containers in the way of my designated bike path—
they force me as a vulnerable road user out into 
the main road where larger road users may not 
suspect me swerving out into.

Conflict Situations
User Story 

CONFLICT SITUATIONS
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”
“

Car catching up from the rear

As a cyclist, I’d appreciate having more awareness 
of vehicles behind me, and how their speed relates 
to mine — I’d further appreciate being able to 
anticipate their eventual overtaking as well as be 
able to tell if the current road margins allow for it 
safely.

Hazards & Awareness
User Story 

”
“

Bicycle boxes

As a cyclist, I’d like to be aware of so-called ‘bicycle 
boxes’ at upcoming intersections, seeing as how 
they are a newly implemented traffic element, so 
that I can position myself for them beforehand and 
then efficiently use them in a confident manner.

Hazards & Awareness
User Story 

”
“

Taking control of the lane

As a cyclist, I want to be able to safely take control 
of my lane, by moving from about a third of the 
road into the middle of it, to signal to vehicles 
behind me that no overtakings are possible and, if 
needed, allow myself the rightful space needed to 
prepare a left-turn or lane change. 

Hazards & Awareness
User Story 

”
“

Vehicles with trailers

As a cyclist, I want to know if an overtaking or 
turning car also has a trailer attached to them, so I 
can position myself accordingly, as drivers — in my 
experience — rarely seem to take the added width 
space of the trailer into account when driving past 
vulnerable road users.

Hazards & Awareness
User Story 

”“

Overtakings on the 
countryside

As a cyclist, I want to be able to ride safely on the 
country roads and better anticipate overtakings as 
cars and other large vehicles pass me by at high 
speeds which, in the worst of cases, may cause me 
to veer and fall due to strong drafts. 

”
“

Environmental hazards

As a cyclist, I want to be aware of upcoming 
areas where road conditions are unkempt and 
may contain hidden plot holes or other road 
hazards — potentially obscured by leaves, rain, or 
otherwise surface-covering objects related to the 
environment — so that I can proceed and bike 
more carefully.

Hazards & Awareness
User Story 

HAZARDS & AWARENESS

Hazards & Awareness
User Story 

”
“

Being forced into the gutter

As a cyclist, I don’t want to be forced out into the 
gutter because of any perceived aggressiveness by 
the vehicle behind me, as environmental hazards 
such as storm drains and potholes can reside there. 

Hazards & Awareness
User Story 

”
When to yield and not to yield

As a cyclist, I’d like to be better at differentiating 
the two types of bicycle crossings in Sweden, 
cykelöverfart and cykelpassage, as there is some 
evident confusion among road users — not just 
cyclists — regarding who has the right of way so 
that I can be a more respectful and law-abiding 
road user, combatting whatever preconceived 
notions motorists may have about me and the  
non-compliance of cyclists.

“

Hazards &
Awareness

User Story 
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”
“

Biking in the dark

As a cyclist, I want a visible and safe experience 
when biking in the dark, as the street lighting 
sometimes is not sufficient enough, to be able to 
more easily identify pedestrians, fellow bicyclists, 
or road hazards in the environment.

Hazards & Awareness
User Story 

”“

Road conditions 
during the winter

As a cyclist in the winter, I want to know of any 
hazardous road conditions that may dangerously 
lie unhidden and waiting on my bicycle route — the 
appearance of snow can be deceiving at sight and 
in actuality reveal a slippery layer of ice — so that I 
can proceed with more caution to my destination.

Hazards & Awareness
User Story 

”
Banks of snow in the winter

As a cyclist in the winter, I want to avoid riding on 
bicycle paths where banks of snow created from 
vehicles on the adjacent road have reduced the 
space to ride on — in effect forcing me dangerously 
closer to the passing vehicles on the road which 
results in an uneasy, unsafe experience.

Hazards & Awareness
User Story 

“
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”
“

Obstructed vision

As a cyclist, I want to be aware of approaching, 
potentially colliding, vehicles and especially 
obstructed ones such as those coming up from 
behind a corner, a sharp turn, or simply out of my 
peripheral vision, so that I can act accordingly in 
order to prevent a hazardous scenario.

Hazards & Awareness
User Story 

20%20%
of the car moving forward crashes, 
a sight obstruction was hindering 
the driver from detecting the cyclist 
prior to the crash.(Volvo Cars, 2018).

of the car moving forward crashes, 
a sight obstruction was hindering 
the driver from detecting the cyclist 
prior to the crash (Volvo Cars, 2018).

In…
Obscured awareness

Figure 7: Obscuring geometry increase risk 
of bicycle–car collisions.

Half of drivers did self-reportedly 
not see the cyclist per reports of 
crossing path bicycle–car collisions 
(Isaksson-Hellman & Werneke, 2017)

The cyclist had been traveling on a 
bicycle path just prior to the collision 
in 70% of such cases

OF DRIVERS DID NOT 
NOTICE THE CYCLIST

•

• 50% ”“

Biking in the bus lane and 
being aware of traffic rules

As a new but thriving commuter by bike, I want to 
be more aware of the rules as well as of my rights 
in traffic, and particularly with regards to which 
paths I can confidently ride on as a cyclist — such 
as bus lanes in Sweden — because deciding to ride 
on some roads in the stressful city feels sometimes 
like a gamble of legality and safety.

Hazards & Awareness
User Story 

”
“

Meaningful gestures

As a cyclist, I want to know if road users around 
me have clearly registered and respected my body 
gestures signaling future traffic intentions, such as 
moving into the middle of the lane when preparing 
a left-turn or just turning in general, so that I don’t 
risk getting dangerously overtaken from behind by 
impatient drivers.

Hazards & Awareness
User Story 

”
Absent-minded pedestrians

As a cyclist, I want to be able to communicate 
with pedestrians at road crossings who currently 
have their minds elsewhere — checking their 
phone, talking, listening to earbuds, or doing other 
activities that even my tonally aggressive bike bell 
might not break through — so that I can avoid a 
potentially hazardous scenario for every party 
involved.

Hazards & Awareness
User Story 

“

HAZARDS & AWARENESS
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HAZARDS & AWARENESS



”
“

Lane separation

As a cyclist, I prefer riding on bicycle paths 
separated from larger vehicles because they feel 
safer and give me a sense of being free and in 
control.

Environment & Practices
User Story 

”
“

Green wave

As a cyclist, I’d like to be aware if I’m about to be 
a part of a ‘green wave’ — a sequence of green 
lights on the road ahead — so that I can be 
more conscious of current traffic flow and more 
confident in my actions as a vulnerable road user.

Environment & Practices
User Story 
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”
“

In touch with nature

As a commuting cyclist, I much prefer riding 
on bicycle paths surrounded by green, natural 
environments more so than grey, concrete ones; 
the sensations of nature makes my commute to 
work so much more pleasant and invigorating.

Environment & Practices
User Story 

”
Stuck at red lights and 
non-responsive sensors

As a cyclist, I don’t want to get stuck at a traffic 
light because of a faulty sensor — as it happens 
only some respond to larger road users and not 
cyclists — so that my commuting experience flows 
better and I can feel respected as an equal road 
user.

Environment & Practices
User Story 

“

”“

Alerting pedestrians
respectfully

As a cyclist, I want to be able to notify pedestrians 
walking in the bicycle lane without scaring the ever 
living thing out of them using my harshly sounding 
bike bell, so that I don’t spur on any preconceived 
and negative notions other road users may hold of 
me as a cyclist.

Environment & Practices
User Story 

ENVIRONMENT & PRACTICES

”
“

Notify wrongly parked cars

As a cyclist, I’d like to be able to notify wrongly 
parked vehicles that stand in the way of the bicycle 
path in a courteous way, as I feel knocking on 
someone else’s car window is a bit too aggressive 
of a way to communicate and does little to mend 
the tense relationship between motorists and 
cyclists.

Environment & Practices
User Story 

”
Long queues

As a cyclist, or anybody in traffic really, I am not 
very fond of long queues but rather prefer a 
continuous flow in my travel; while seeing a long 
queue of cyclists does bring a sense communal 
joy I would like suggestions for alternative, queue-
free routes if such stops in one’s travel became too 
commonplace.

Environment & Practices
User Story 

“

”
Splash damage

As a cyclist, I want to have a pleasant commuting 
experience and that includes not showing up to 
work drenched in water and mud due to careless 
overtakings from larger vehicles passing and 
splashing next to me.

Environment & Practices
User Story 

“



”
“

Lane separation

As a cyclist, I prefer riding on bicycle paths 
separated from larger vehicles because they feel 
safer and give me a sense of being free and in 
control.

Environment & Practices
User Story 

”
“

Green wave

As a cyclist, I’d like to be aware if I’m about to be 
a part of a ‘green wave’ — a sequence of green 
lights on the road ahead — so that I can be 
more conscious of current traffic flow and more 
confident in my actions as a vulnerable road user.

Environment & Practices
User Story 
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”
“

In touch with nature

As a commuting cyclist, I much prefer riding 
on bicycle paths surrounded by green, natural 
environments more so than grey, concrete ones; 
the sensations of nature makes my commute to 
work so much more pleasant and invigorating.

Environment & Practices
User Story 

”
Stuck at red lights and 
non-responsive sensors

As a cyclist, I don’t want to get stuck at a traffic 
light because of a faulty sensor — as it happens 
only some respond to larger road users and not 
cyclists — so that my commuting experience flows 
better and I can feel respected as an equal road 
user.

Environment & Practices
User Story 

“

”“

Alerting pedestrians
respectfully

As a cyclist, I want to be able to notify pedestrians 
walking in the bicycle lane without scaring the ever 
living thing out of them using my harshly sounding 
bike bell, so that I don’t spur on any preconceived 
and negative notions other road users may hold of 
me as a cyclist.

Environment & Practices
User Story 

ENVIRONMENT & PRACTICES

”
“

Notify wrongly parked cars

As a cyclist, I’d like to be able to notify wrongly 
parked vehicles that stand in the way of the bicycle 
path in a courteous way, as I feel knocking on 
someone else’s car window is a bit too aggressive 
of a way to communicate and does little to mend 
the tense relationship between motorists and 
cyclists.

Environment & Practices
User Story 

”
Long queues

As a cyclist, or anybody in traffic really, I am not 
very fond of long queues but rather prefer a 
continuous flow in my travel; while seeing a long 
queue of cyclists does bring a sense communal 
joy I would like suggestions for alternative, queue-
free routes if such stops in one’s travel became too 
commonplace.

Environment & Practices
User Story 

“

”
Splash damage

As a cyclist, I want to have a pleasant commuting 
experience and that includes not showing up to 
work drenched in water and mud due to careless 
overtakings from larger vehicles passing and 
splashing next to me.

Environment & Practices
User Story 

“



”
“

Sense of community

As a cyclist, I appreciate the tacit sense of 
community that lies embedded in the freedom of 
being a cyclist — separate but together we ride — 
because this notion of belonging is a part of my 
everyday identity.

Environment & Practices
User Story 

”
“

Crowded routes

As a cyclist, I would like to know which paths are 
currently being crowded, such as Götgatsbacken 
in the summer, as I generally don’t like the idea of 
disrupting my flow of travel i.e. getting off my bike 
and walking.

Environment & Practices
User Story 
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”“

Roadwork and its
consequent diversions

As a cyclist, I’d like to know if my current path 
will become unavailable later on due to roadwork 
so that I can avoid being forced out into main 
road and feeling unprotected in an often riskful, 
improvisatory traffic environment.

Environment & Practices
User Story 

ENVIRONMENT & PRACTICES

”
“

Temporary dead-ends 

As a cyclist, I’d like to be notified of temporary road 
blockages later down my current path, such as in 
the cases of reconstruction, so that I can exit and 
re-plan my route in time.

Environment & Practices
User Story 

”
“

Shopping groceries

As a cyclist, I want to be able to access parking 
complexes connected to malls with my bike, so 
that I can park and shop groceries using my load 
bicycle.

Environment & Practices
User Story 

”“

Safe and available
bike parking

As a cyclist, I want accessible and safe parking 
space for my valuable bicycle whether the stop is 
only temporary, such as during errands in the city, 
or in the event of longer storage, such as at travel 
nodes e.g. train stations.

Environment & Practices
User Story 

”
Stressed at short green lights

As a cyclist, I want to be able to cross an interaction 
in a calm and collected way — the green light lasts 
sometimes only for a few seconds and this makes 
for a stressful crossing if you’re far back in a built 
up queue of cyclists.

“

Environment & Practices
User Story 
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While living in Gothenburg, Monika has never really 
needed to utilize her old drivers license. She used to take 
the tram everywhere she went in the city as she found it 
to be more convenient in her circumstances. It wasn’t 
until recently that came to change. Monika’s family and 
closest circle of friends pooled together for her 50th 
birthday and gave her the Swedish Christmas present of 
the year — an electric bicycle. 
 Through this unexpected present, Monika has 
rediscovered the joy of biking, triggering memories from 
her youth, and has since not only been using its electric 
powers for commuting and shorter errands but also for 
longer, recreational trips. There’s a sudden spring in 
Monika’s step, and she has as a result been encour-
aging her circle of friends to come along biking with her.
 Biking as the modern citizen at higher speeds 
than what her childhood experience can recall, among 
other vehicles with even higher speeds, isn’t completely 
problem-free. The fast, urban tempo of her big city does 
occasionally get to Monika when biking, which stresses 
her out and sometimes deter her from choosing routes 
where she knows she will expose herself to busy tra�ic. 
While Monika has a fundamental understanding of the 
tra�ic rules and where you can and cannot ride, she 
would rather avoid such paths for her own peace of 
mind. She prefers to ride on wide, designated bicycle 
paths where she can safely pass by — or be passed by — 
other cyclists, rather than the main roads shared with 
larger vehicles.
 Although bicycling everywhere has given Monika 
more freedom, it has also introduced a temporary stor-
age problem for her. Since becoming a thriving cyclist, 
she has recognized a need for more readily available and 
protected parking for those with expensive and re-
chargeable bicycles. For example, at travel nodes such 
as train stations when Monika travels by train to 
Stockholm to visit her sister on the weekends.
 Her tech-savvy son has suggested a mobile app 
as a tool to track her longer, leisurely bike trips to 
incentivize her healthy progress in a fun, modern way. 
But Monika will be the first one to admit she hasn’t sunk 
into all that smart-app stu� very much—although she 
does hope to someday.

End goals

»

»

»

»

Monika

Be less stressed in tra�ic; 
acquire better situational 
awareness and get used to the 
urban tempo of her city 

Feel more respected on shared 
roads; be able to safely but 
assertively take control of the 
lane to prohibit impatient and 
unnecessary car overtakings

Bicycle not only for functional 
purposes but also as a social 
and physical activity

Bicycle all year round

Experience goals

Sense of being active

Sense of safety

Sense of control

»

»

»

Life goals

Live an active and prosperous 
life, leading up to her golden 
years and well into them

»

Behavioural
attributes

Reckless

Fast rider

Situationally aware

Impatient

Agile

Fully kitted out

Tech-savvy

Bikes for
fulfillment

Open to change
and novelties

Confident
in tra�ic

Never shows
intentions in tra�ic

Experienced
in tra�ic

Strong sense of
cyclist identity

Never multi-tasks
while biking

Rejects ideas
of change

Bikes for
function

Considerate

Slow rider

Tunnel vision

Patient

Clumsy

No bike gear

Tech-illiterate

Scared in
tra�ic

Shows intentions
in tra�ic

Beginner
in tra�ic

Indi�erent
to biking

Frequently uses
IT while biking

Persona
Monika

50 years old
Gothenburg

THE ELECTRICAL CYCLIST

50 years old
Gothenburg
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needed to utilize her old drivers license. She used to take 
the tram everywhere she went in the city as she found it 
to be more convenient in her circumstances. It wasn’t 
until recently that came to change. Monika’s family and 
closest circle of friends pooled together for her 50th 
birthday and gave her the Swedish Christmas present of 
the year — an electric bicycle. 
 Through this unexpected present, Monika has 
rediscovered the joy of biking, triggering memories from 
her youth, and has since not only been using its electric 
powers for commuting and shorter errands but also for 
longer, recreational trips. There’s a sudden spring in 
Monika’s step, and she has as a result been encour-
aging her circle of friends to come along biking with her.
 Biking as the modern citizen at higher speeds 
than what her childhood experience can recall, among 
other vehicles with even higher speeds, isn’t completely 
problem-free. The fast, urban tempo of her big city does 
occasionally get to Monika when biking, which stresses 
her out and sometimes deter her from choosing routes 
where she knows she will expose herself to busy tra�ic. 
While Monika has a fundamental understanding of the 
tra�ic rules and where you can and cannot ride, she 
would rather avoid such paths for her own peace of 
mind. She prefers to ride on wide, designated bicycle 
paths where she can safely pass by — or be passed by — 
other cyclists, rather than the main roads shared with 
larger vehicles.
 Although bicycling everywhere has given Monika 
more freedom, it has also introduced a temporary stor-
age problem for her. Since becoming a thriving cyclist, 
she has recognized a need for more readily available and 
protected parking for those with expensive and re-
chargeable bicycles. For example, at travel nodes such 
as train stations when Monika travels by train to 
Stockholm to visit her sister on the weekends.
 Her tech-savvy son has suggested a mobile app 
as a tool to track her longer, leisurely bike trips to 
incentivize her healthy progress in a fun, modern way. 
But Monika will be the first one to admit she hasn’t sunk 
into all that smart-app stu� very much—although she 
does hope to someday.

End goals

»

»

»

»

Monika

Be less stressed in tra�ic; 
acquire better situational 
awareness and get used to the 
urban tempo of her city 

Feel more respected on shared 
roads; be able to safely but 
assertively take control of the 
lane to prohibit impatient and 
unnecessary car overtakings

Bicycle not only for functional 
purposes but also as a social 
and physical activity

Bicycle all year round

Experience goals

Sense of being active

Sense of safety

Sense of control

»

»

»

Life goals

Live an active and prosperous 
life, leading up to her golden 
years and well into them

»

Behavioural
attributes

Reckless

Fast rider

Situationally aware

Impatient

Agile

Fully kitted out

Tech-savvy

Bikes for
fulfillment

Open to change
and novelties

Confident
in tra�ic

Never shows
intentions in tra�ic

Experienced
in tra�ic

Strong sense of
cyclist identity

Never multi-tasks
while biking

Rejects ideas
of change

Bikes for
function

Considerate

Slow rider

Tunnel vision

Patient

Clumsy

No bike gear

Tech-illiterate

Scared in
tra�ic

Shows intentions
in tra�ic

Beginner
in tra�ic

Indi�erent
to biking

Frequently uses
IT while biking

Persona
Monika

50 years old
Gothenburg

THE ELECTRICAL CYCLIST

50 years old
Gothenburg
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Henrik
Henrik loves to bike and lets people know he does. Not 
only is biking his primary way of transport when 
commuting to work from the suburbs, but he also bi-
cycles for exercise and recreational purposes. The dull 
feeling of concrete landscapes in the big city during the 
work week is contrasted with long, joyful bike trips in the 
invigorating landscapes of the countryside on the 
weekends. 
 Henrik can be spotted on the road as a 
lycra-fluorescent light streak, fully kitted out with bike 
gear from top to bottom, whizzing past anything in his 
way: pedestrians, cars and of course other—in his 
opinion—less self-actualized cyclists with regular clothes 
and no helmets. He, unlike them, is a true cyclist; few 
kinds of Scandinavian weather stop Henrik from biking 
and doing what he loves, no matter the time of year.
 His need for speed has made Henrik quite aware 
of the dangers in traic posed for cyclists, such as being 
cut o or squeezed in by a heavy goods vehicle. 
Ultimately, several negative road interactions like these 
have over the years caused Henrik to develop a rather 
tense relationship with other road-users and especially 
motorists. He was right — they were wrong. Henrik often 
begrudgingly wonders why the traic infrastructure 
historically was centered around motorists in the first 
place and not cyclists and pedestrians.
 Speed is indeed the name of the game and Henrik 
has occasionally not the patience for stopping at red 
lights. The sensors are either broken or not suiciently 
adapted for cyclists anyway, he rationalizes to himself. 
While having a lenient mindset on some fundamental 
tra�ic laws, Henrik does occasionally signal his in-
tentions with body gestures to other road-users when 
on the road, almost to an aggressive extent.
 Henrik is a loving father of two young ones, both 
of which recently has taken a keen interest in biking. 
While still in the suburbs, Henrik is somewhat worried 
about their safety, as their path to school features many 
potentially dangerous pedestrian crossings. Henrik has 
done well in teaching his kids the important traic rules 
and gestures to know. Interestingly enough, the same 
basic traic rules and gestures which Henrik himself 
doesn’t always follow in his own day-to-day commute.

End goals

Be able to ride continuously
to one’s destination without 
irritating stops or having to 
zig-zag between bike paths

Be able to ride fast, but 
safely, on bike paths in the 
city without being on edge 
about colliding with a 
suddenly opened car door

Be able to safely pass a 
cyclist crossing, as legally 
permitted to, without having 
to second-guess the intention 
of yielded motorists, inter-
rupting the flow of travel 

Feel respected as an equal 
road-user, as someone who 
aligns their road identity 
closest to cyclists, both by 
larger vehicles and by the city 
planning itself

»

»

»

»

38 years old
Vällingby, STHLM

Experience goals

Sense of freedom

Sense of nature

Sense of well-being

THE PASSIONATE CYCLIST

»

»

»

Life goals

Live a healthy life and spend 
quality time with his family, 
raising his two young ones

»

Behavioural
attributes

Reckless

Fast rider

Situationally aware

Impatient

Agile

Fully kitted out

Tech-savvy

Bikes for
fulfillment

Open to change
and novelties

Confident
in tra�ic

Never shows
intentions in tra�ic

Experienced
in tra�ic

Strong sense of
cyclist identity

Never multi-tasks
while biking

Rejects ideas
of change

Bikes for
function

Considerate

Slow rider

Tunnel vision

Patient

Clumsy

No bike gear

Tech-illiterate

Scared in
tra�ic

Shows intentions
in tra�ic

Beginner
in tra�ic

Indi�erent
to biking

Frequently uses
IT while biking

Persona
Henrik

38 years old
Vällingby, STHLM
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THE PASSIONATE CYCLIST

»

»

»

Life goals

Live a healthy life and spend 
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Behavioural
attributes
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Fast rider
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Fully kitted out
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Bikes for
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Experienced
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Strong sense of
cyclist identity
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while biking
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function
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Persona
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38 years old
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Josef

End goals

Have a good situational 
awareness of tra�ic, given 
the obscuring design of his 
load bicycle

Be able to navigate to new 
destinations e�iciently

Be able to occasionally listen 
to podcasts while on the job 
to break the monotony

Be able to clearly signal 
tra�ic intentions to other 
road users, particularly 
those behind

»

»

»

»

APPENDIX D—PERSONAS (5 of 8)

Fresh out of high school Josef found himself quite lost, 
he willingly admits, as his first entry-level job was not the 
right fit. When Josef read the ad for his current job, he 
perked up: a moving company with an unconventional 
spin on things, using so-called load bicycles to deliver 
cargo. Josef got interested as it seemed like a job with 
genuine interactions with people, but not too many.
 Josef has since being hired really taken the 
company values of his employer to heart: being en-
vironmentally conscious by providing an ecologically 
sustainable way of transport, that is. The health 
benefits of physical activity are not too bad either, he 
supposes. Biking uphill with cargo can be a nightmare, 
even though his load cycle is electrically assisted.
 Although his routes are pre-planned due to the 
nature of the job on the job, Josef enjoys the sense of 
freedom biking gives him. But, as load bicycles take up a 
lot of spatial real-estate on the road, his situational 
awareness is limited due to sight obstruction. Learning 
to be wary of his vehicle’s blind spots was some hurdle 
to overcome for Josef. Luckily there has only been a 
couple of close calls, and Josef fancies himself to be 
quite a competent road user as a result.
 While confident in tra�ic, Josef does worry 
whether or not road users from behind has recog-
nized his signaled tra�ic intentions, as the load 
container is quite wide, barely letting an arm stick out to 
the sides. Josef’s vehicle does have attached rear-view 
mirrors, which he can use to read other road users 
intentions, but they cannot try to read him in the same 
way, however.
 By now, Josef has developed a good sense of 
direction in his city. Occasionally, to save time, Josef 
does have to look up an address on his smartphone 
while biking, against the will of his employer’s safety 
protocol and not to mention his own better judgement. 
 Josef never really took notice of how much road 
construction work there is until he started to bike in his 
work. These impromptu tra�ic environments make 
Josef’s limited situational awareness even more app-
arent, as there is not always clear tra�ic rules to rely 
on. But because his vehicle is rather novel, other road 
users seem to be more cautious of Josef and con-
sequently give him more respect on the road.

Experience goals

Feel confident, safe, and 
accepted in tra�ic with his 
novel kind of vehicle 

Sense of independence

»

»

Life goals

Make a di�erence»

Persona
Josef

Behavioural
attributes

Reckless

Fast rider

Situationally aware

Impatient

Agile

Fully kitted out

Tech-savvy

Bikes for
fulfillment

Open to change
and novelties

Confident
in tra�ic

Never shows
intentions in tra�ic

Experienced
in tra�ic

Rejects ideas
of change

Bikes for
function

Considerate

Slow rider

Tunnel vision

Patient

Clumsy

No bike gear

Tech-illiterate

Scared in
tra�ic

Shows intentions
in tra�ic

Beginner
in tra�ic

Indi�erent
to biking

Frequently uses
IT while biking

Strong sense of
cyclist identity

Never multi-tasks
while biking

21 years old
Uppsala

21 years old
Uppsala

THE LOAD CYCLIST
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load bicycle

Be able to navigate to new 
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Be able to occasionally listen 
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to break the monotony

Be able to clearly signal 
tra�ic intentions to other 
road users, particularly 
those behind
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Fresh out of high school Josef found himself quite lost, 
he willingly admits, as his first entry-level job was not the 
right fit. When Josef read the ad for his current job, he 
perked up: a moving company with an unconventional 
spin on things, using so-called load bicycles to deliver 
cargo. Josef got interested as it seemed like a job with 
genuine interactions with people, but not too many.
 Josef has since being hired really taken the 
company values of his employer to heart: being en-
vironmentally conscious by providing an ecologically 
sustainable way of transport, that is. The health 
benefits of physical activity are not too bad either, he 
supposes. Biking uphill with cargo can be a nightmare, 
even though his load cycle is electrically assisted.
 Although his routes are pre-planned due to the 
nature of the job on the job, Josef enjoys the sense of 
freedom biking gives him. But, as load bicycles take up a 
lot of spatial real-estate on the road, his situational 
awareness is limited due to sight obstruction. Learning 
to be wary of his vehicle’s blind spots was some hurdle 
to overcome for Josef. Luckily there has only been a 
couple of close calls, and Josef fancies himself to be 
quite a competent road user as a result.
 While confident in tra�ic, Josef does worry 
whether or not road users from behind has recog-
nized his signaled tra�ic intentions, as the load 
container is quite wide, barely letting an arm stick out to 
the sides. Josef’s vehicle does have attached rear-view 
mirrors, which he can use to read other road users 
intentions, but they cannot try to read him in the same 
way, however.
 By now, Josef has developed a good sense of 
direction in his city. Occasionally, to save time, Josef 
does have to look up an address on his smartphone 
while biking, against the will of his employer’s safety 
protocol and not to mention his own better judgement. 
 Josef never really took notice of how much road 
construction work there is until he started to bike in his 
work. These impromptu tra�ic environments make 
Josef’s limited situational awareness even more app-
arent, as there is not always clear tra�ic rules to rely 
on. But because his vehicle is rather novel, other road 
users seem to be more cautious of Josef and con-
sequently give him more respect on the road.
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accepted in tra�ic with his 
novel kind of vehicle 

Sense of independence

»

»

Life goals

Make a di�erence»

Persona
Josef

Behavioural
attributes

Reckless

Fast rider

Situationally aware

Impatient

Agile

Fully kitted out

Tech-savvy

Bikes for
fulfillment

Open to change
and novelties

Confident
in tra�ic

Never shows
intentions in tra�ic

Experienced
in tra�ic

Rejects ideas
of change

Bikes for
function

Considerate

Slow rider

Tunnel vision

Patient

Clumsy

No bike gear

Tech-illiterate

Scared in
tra�ic

Shows intentions
in tra�ic

Beginner
in tra�ic

Indi�erent
to biking

Frequently uses
IT while biking

Strong sense of
cyclist identity

Never multi-tasks
while biking

21 years old
Uppsala

21 years old
Uppsala

THE LOAD CYCLIST

APPENDIX D—PERSONAS (6 of 8)



Nadja
Bicycling is all about functionality and necessity for 
Nadja. For someone who commutes a long distance by 
car and sits in an o�ice all day, the exercise made able by 
biking is a welcome ingredient in her day-to-day life, 
such as when going shopping groceries or meeting up 
friends. Bicycling is a convenient way for Nadja to 
handle errands, as she prefers to not deal with the 
frustrations of finding available car parking in the inner 
city. The lessened environmental impact is also a good 
reason as any to use a bike, she figures.
 Nadja only bikes during the warm half of the year 
and when it is nice weather outside. When doing so, 
Nadja doesn’t use a bicycle helmet or any other 
specific bike gear, as no one in her social circles does 
either. She and her friends are not necessarily vain or 
superficial, but they do feel that bringing a bicycle 
helmet along not only degrade appearance but also trip 
experience, having to carry it around. Nadja does know 
of the designerly looking bicycle helmet Hövding, but 
with the amount of biking and short distances she does, 
Nadja cannot justify purchasing it for herself.
 Nadja will often listen to podcasts in her mobile 
phone earbuds, and very occasionally have short 
on-my-way conversations with her friends using the 
built-in microphone. Nadja lives in a busy city and while 
not consciously knowing it, she has developed certain 
strategies for using her phone while biking, such as 
being more situationally aware when doing so, adjusting 
her speed, as well as getting o� the bike to walk.
 Being a driver in a busy city, Nadja understands 
and considers the worrisome perspective of motorists, 
especially heavier and longer vehicles, whenever using 
her bike in the city. She is perfectly knowledgeable of the 
tra�ic rules, formal as well as informal, and while it 
might not seem as if she is paying attention with her 
earbuds plugged in, she will always yield lawfully and 
safely negotiate in a conflict situations where the rules 
might be unclear, such as the two types of cyclist 
crossings in Sweden (cykelpassager/cykelöverfarter).
 Unlike a certain type of cyclist, Nadja doesn’t 
consider herself to be one at all and doesn’t identify 
herself with any other road-user for that matter – biking 
is just a convenient means to an end.

End goals

Get from point A to point B 
e�iciently, and at the same 
time get sought after exercise 
(given reasonable conditions)

Be a responsible and 
empathetic road-user; 
acknowledge the challenges 
heavier vehicles face when 
dealing with cyclists

Use biking as a tool of 
transport without it getting in 
the way of her lifestyle

»

»

»

29 years old
Malmö
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Experience goals

Sense of safety, i.e. lack of 
distractions to have the 
ability to multitask

»

Life goals

Put the work in and climb 
the career ladder (for now)

»

29 years old
Malmö

Persona
Nadja

Behavioural
attributes

Reckless

Fast rider

Situationally aware

Impatient

Agile

Fully kitted out

Tech-savvy

Bikes for
fulfillment

Open to change
and novelties

Confident
in tra�ic

Never shows
intentions in tra�ic

Experienced
in tra�ic

Strong sense of
cyclist identity

Never multi-tasks
while biking

Rejects ideas
of change

Bikes for
function

Considerate

Slow rider

Tunnel vision

Patient

Clumsy

No bike gear

Tech-illiterate

Scared in
tra�ic

Shows intentions
in tra�ic

Beginner
in tra�ic

Indi�erent
to biking

Frequently uses
IT while biking
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