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Abstract

The rise of the Internet of Things (IoT) has enabled seamless data capturing, processing, and

analysis from the physical world and remote control of interconnected devices. However, due to

complexdevelopmentprocesses, its potential remains largelyuntappedbynon-expertusers. This

thesis investigates technical, conceptual, and practical barriers that limit non-expert end-user

developers from creating bespoke IoT projects.

Based on the premise that simplifying IoT development and providing targeted support can

democratise access, this research explores strategies to help end users create andmanage IoT

projects integrated into their daily lives. To address this, the thesis explores four research areas:

thebarriers end-user developers encounterwhencreating customIoTsolutions, the effectiveness

of ideation tools in supporting their development process, the challenges involved in assembling

and programming IoT systems, and the strategies that enhance effective troubleshooting.

A review of the literature reveals that, while substantial research has focused on the technical

dimensions of IoT, relatively little attention has been given tomaking these technologies accessi-

ble to non-experts. To bridge this gap, the thesis employs amixed-methods approach, including

surveys, a longitudinal case study, and three user studies to explore the experiences of non-expert

userswith IoT technologies. The findings highlight that the lack of intuitive tools and resources

is a significant barrier to user engagement and project completion.

The results underscore the importance of user-centred design in developing IoT support tools and

demonstrate that non-experts can effectively create andmanage IoT projectswith appropriate

guidanceand resources. However, challenges remain, suchasenhancing troubleshootingsupport

and developing intuitive interfaces.

This thesisarguesthat thefutureof IoTlies indesigningaccessible toolsandsystemsforabroader

audience, with significant implications for inclusivity and ease of use. Future research should

focusonrefiningthese tools, understanding thecognitiveprocessesofend-userdevelopment, and

exploring newmethods for integrating IoT into everyday life. Thiswork contributes to developing

amore inclusive IoT ecosystemaccessible to all users, regardless of their technical expertise.
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“Once upon a time, non-expertswere eager to remotely sense

andmanipulate the physical world according to their needs

and desires. They recognisedmultiple operating scenarios,

considering individual needs, small groups and even signifi-

cant and collective social needs. Beforemoving forward, they

scrutinised ancient texts and scriptures, seeking knowledge

before it got lost. Then, they embarked on an initiatorymis-

sion, not knowing the hindrances they may encounter. All

acknowledged their limitations. People could get better sup-

port. Envisioning ideaswasnot enough. Theyneededbridges

to close the chasmbetween their talents and the real world.

Multiple enterprises offered to help them, the sweet voices of

sirens on the shore. Although tempting, they recognised the

limitations of those gifts. Was it all in vain? Probably not.

Therewas hope, and theywondered if they could only find it!

Creators have not been payingmuch attention to those play-

ing snakes and ladders. Maybe this is a call to them. Perhaps

this is a desperate call to them. In the end, we all need each

other. Weall need each other.

—Tales ofTimesForgotten
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Chapter 1

Introduction

“Computers began as cumbersomemachines

served by a technical elite and evolved into

desktop tools that obeyed the individual.

The next generationwill collaborate actively

with the user.

—LawrenceG.Tesler

“NetworkedComputing in the 1990s” [167]

THE WIDESPREAD ADOPTION OF COMPUTERS in the 1970s and 1980s initiated a digital revolution,

consolidatedby theunprecedented expansionof global computer networks in the 1990s, triggered

by themass utilisation of theWorldWideWeb. In 1999, KevinAshton coined the term Internet

of Things (IoT) to describe aworldwhere computers gather datawithout human intervention [8].

Twenty-five years later, the IoTencompasses an increasingnumber of connecteddevices,manyof

which are not even recognizable as traditional computers. However, despite these advancements,

developing IoT systems remains inaccessible formany end-user developers. Non-experts face

significant barriers, such as the complexity of integrating hardware and software, which limits

their ability to harness the potential of IoT technology fully. This thesis investigates what it

entails for end-user developers—individuals who create ormodify hardware and software for

their usewithout formal training in programming, software engineering, or electronics—to build

their own IoT projects. The study focuses on the challenges and opportunities presented by

current technology and available support.

Froma particular perspective, the IoT could have similaritieswith previous rapid developments,

such as the personal computer revolution orWeb 2.0 [141], where specific interventions unfolded

the technology forendusers. Givensuchacomparison,weneedtoknowif thevariouscomponents

of IoT technologies are available for end users to create their own IoT systems for collecting,

analysing and visualising data reasonably, allowing for the technology’swidespread adoption.
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This research aims to examinewhether IoT technologies are usable by non-experts and identify

any obstacles theymay face in creating systems for data collection, sharing,mining, visualising,

and understanding, aswell as potential solutions to support their engagement. This process of

empoweringusers could lead towhatwe refer to as IoT2.0—ashift similar towhathappenedwith

Web 2.0. IoT 2.0 could involvemore intuitive development platforms, better integration between

hardware and software, and simplified interfaces that allownon-experts to create sophisticated

systemswithout deep technical knowledge. Just asWeb 2.0 enabled non-experts to actively con-

tribute toandpublishcontentontheweb, IoT2.0wouldmarkatransitionwherenon-expertscould

harness IoT technologies to create solutions that serve their ownneeds and purposeswith less

reliance on specialised technical skills. The central question driving this research iswhy—when

the technology is available, the cost affordable, and the systems accessible—developing simple

ways of gathering, organising, and visualising data remains elusive for end users.

Despite the potential of IoT 2.0 to empower non-experts, withwhat is available today, developing

even simple systems remains a complex task, as illustrated by the following examples.

– Developingasystemthatmonitorsanexistingpartofourenvironment (e.g., thewaterneeded

for a plant) and actuates in consequence (e.g., watering the plant as required) requires signifi-

cant knowledge and technical skills. A person interested in developing such a systemmust

know about basic electronics, computer programming, controlling services in the cloud, and

more. Andwhen off-the-shelf systems provide such functionalities, the data does not belong

to the user. If the company providing the services decides to shut down, users are left with

unusable devices.

– A homeowner already has surveillance cameras. Based on their work schedule, they decided

to enhance this to get emailmessages of photoswhenmovement is detected, but only for

specific hours of certain days. They already own the cameras. They are already set upwith

email. Why is it that they need to throw away the current cameras they own and buy a new

system that happens to have the desired functionality—which has been pre-programmed in

by a tech expert—just because they did not start with the right product initially even though

the equipment they already own is technically capable of this?

– WhenBilly is heading home on a bus from school, his backpack generates an emailmessage

toMumandDad. Sometimes, hemanages to catch the bus that leaves 5mins after school

finishes, but other times, it is the bus that leaves 30mins after that. Even adding a traceable

digital tag to Billy’s backpack, configuring a bespoke system thatwill fire an email when the

tagmoves beyond a geo-fenced area (e.g., the school), becomes a daunting task.

– Your garage door automatically opens up as you arrive home—the house lights turns on if it

is the evening time (depending on the season), and the air-conditioning or heating turns off

15minutes after a roomhas been left, based on the current temperature. Although the tech-

nology to enable such automation is available, configuring its behaviour remains a complex

task for end-users.
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Beyond the examplesmentioned, IoT2.0 could empower end users to create systems for home

automation, personal health tracking, and environmentalmonitoringwithminimal technical

expertise. These applications demonstrate the transformative potential of IoT2.0 in enabling

non-experts to interact with and benefit from advanced technologies. However, a significant

challenge lies in the limited interoperability of off-the-shelf products, which often fail to integrate

seamlesslywith devices fromdifferent vendors. As a result, endusers are frequently compelled to

adopt the role of developers to devise bespoke solutions for needsunaddressed by existingmarket

offerings.

Research in this field hasmainly centred on technical aspects, such as device connectivity and se-

curity, with comparatively less focus on enhancing usability for people navigating these dynamic

technological environments. How to best support users in leveraging the potential of these device

networks to accomplish their tasks remains unclear. [123].

AsAnderson [5] explains, the IoT could be understood relative to themaker’s community: “the

past ten years have been about discovering newways to create, invent, andwork together on theWeb;

the next ten will be about applying those lessons to the real world.” A simple inquiry: should it

not be easier andmore accessible? How can peoplewith advanced knowledge of the technology

provide tools for thosewithout somany technical inclinations? The developments on theWeb

thatAndersonmentions expanded the original idea ofmaking itwritable, not just readable. Many

people contributedwith a solid determination tomake this process simpler [84]. It was how the

Webwas “bornagain,” givingmomentumto theblogosphere andwhathasbeen called “grassroots

media” or “citizen journalism.” There arenowpossibilities of applying similar concepts, extending

from the idea of getting individual data (e.g., the notion of the quantified self [135]) to “citizen

science”, wheremembers of the general public help to conduct scientificwork either by collecting

and providing data to scientists or even contributing to the analytical and distributive phases of a

research project [39]. These ideas are already in place, given the spread of smartphoneswith the

capabilities to record data, take images, and tag themwith time and location. More possibilities

are unfoldingwith the use of IoT technologies.

While IoT technology is accessible inmany respects, crucial components—especially those de-

signed for end-user accessibility—are still lacking. This presents a significant opportunity to

adopt a user-centred approach, empowering individuals to acquire and control their own data.

This thesis will investigate thesemissing components and propose strategies to simplify IoT

development for end-user developers, ultimately contributing to the realization of IoT2.0.

1.1 | Frame of Reference

In 1999, Kevin Ashton was the first to use the term Internet of Things (IoT) as the title of a

presentationdeliveredatProcter&Gamble. Heused it todescribe a technological situationwhere

computers gather data without human intervention [8]. It is generally agreed that in years to

come, the IoTwill be one of the significant disruptive technological forces. In 2014, ABIResearch
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indicated that therewould be 40.9 billion internet-enabled devices by 2020 [66], while Cisco had

predicted in 2011 that therewould be 50 billion devices connected by the same time [70]. Given

this context,many companies have entered themarketwith different goals and objectives, from

offering products and services to lowering technical barriers and easing the development of IoT

projects.

It is unclear if thiswill be a process of emancipation or if it will createmore obstacles and impedi-

ments to an already challenged population. We know that the technology behind the IoT offers an

excellent chance of empowering end users, allowing them to take control of at least a portion of

themassive amount of data that connected thingswill generate.

1.1.1 | Defining the Internet of Things

The IoT has been described as a concept in which the virtual world of information technology

integrates seamlessly with the real world of things [171], the process of connectingmachines,

equipment, software and things through the use of the unique Internet protocol address that

permits things to communicatewithout human intervention [156] or aworldwhere the physical

objects are seamlessly integrated into the information network andwhere the physical objects

can become active participants in the business process [89].

Even some years after the introduction of the term, it seems that the Internet of Things is still in

its infancy, similar to the state of the Internet before theWorldWideWebmade it indispensable

for communication, business and entertainment. A similar revolution is needed tomake the IoT

useful [181].

In thecontextof this research,weunderstand the IoTas thescenarioswherecomputingcapability

and network connectivity spread to everyday objects that are not usually considered computers.

In those circumstances, objectswith small power supplies, embedded sensors and addresses

on the Internet can generate, exchange and consumedatawithminimumhuman intervention,

operating through an information network [26, 92, 152].

Therefore, any project using a subset of these technologieswithout connection to a network is

assumed to be outside the scope of this research. For instance, a digital pedometer thatmerely

stores data in an internalmemory cardwill not be considered an IoT project. Similarly, amotion

sensor that triggers a local alarmwithout any formof data communication or remote access falls

outside the scope of our definition.

In contrast, theGoodNight Lamp is a representative example of an IoT object focused on ambient

humanconnection: anetworked lighting systemwhere switchingona lamp inone location causes

a paired lamp in another home to illuminate [52]. Another examplemight include an umbrella

whose handle glows subtlywhen rain is forecast, reminding the userwithout requiring deliberate

interaction. These examples illustrate how IoT can serve as ambient infrastructure for everyday

life, offering utility, expression or reassurancewithout overt demands on attention.
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As this research focuses on the challenges and opportunities for end-user development,wedonot

consider projects presented as closed systems (e.g., an internet-enabled fridge or smart handheld

devices).

1.1.2 | Non-experts and End-users

Over time, professionals progress fromnovice to advanced beginner, competent, proficient, and,

finally, expert [42, 65]. In this thesis, the termnovice refers to an individual with training but

little practical experience [65]. In contrast, the termnon-expert defines an individualwho does

not possess specialised knowledge of digital technologies. A novice developer could be a recent

Computer Science graduate, while a non-expert developerwould be anyone undertaking a devel-

opment project without formal training. In this context, non-experts are a groupwithout training

in a discipline focused on the creation of artificial things, asSimon [161] describes it: “how tomake

artefacts that have desired properties and how to design.”

Non-experts face amore challenging path to expertise, not receiving initial rules and principles

through formal training. Therefore, developing technology-driven solutions without specific

training requires different types of assistance to realise their ideas. While a non-expert’s level of

expertise can increase, the time required for progress can vary significantly. Psychologists use

learning curves to represent the relationship between practice and the associated behavioural

change, where the curve’s slope indicates the improvement speed. A steeper slope reflects faster

learning, requiring less time [162]. Considering two novices on their journey to becoming experts,

the one with formal training might experience a steep learning curve. At the same time, the

self-taught individual is likelier to face a shallower one.

More than 20 years ago, Cypher andHalbert [40] defined the end user as a “user of an application

program,” describing someonewho is not a computer programmer. Barricelli andValtolina [12]

further elaborated that such users “use a computer as part of daily life or daily work, but are not

interested in computers per se.”

This thesis aims to explorewhat supports end-user developerswith different levels of knowledge,

particularly those at the lower end of the expertise spectrum. It is beyond the scope of this thesis

to discuss how they become experts.

1.1.3 | An IoT 2.0 Conceptual Framework

Asuccessful IoT2.0 approach needs amore straightforward pathway for end users to develop

their IoT system. This includes ease of use of existing components and simplicity in assembling.

However, the assembly does not needmere simplicity and easy use of components; it also needs

to provide conceptual support to the end users turned developers. Putting together an IoT project

should be as simple asmapping an idea, understanding the required components and setting

them together. Like buildingwith Lego blocks, modular and straightforward elements can be

organised so that simple structures are easy tomake and complex arrangements are also possible.
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A few elements need to be developed to reach that level of simplicity.

Wewill briefly describe here our concept for how such helpmay be provided.

1. First, end users need tools that help themmap their IoT 2.0 ideas. At this stage, a usermay

have a general goal inmind but not a clear concept of, for example, which data needs to be

captured.

2. Secondly, users need to identify conceptuallywhich components theywish to use.

3. Thirdly, theymust be guided toward the technical parts (sensors, actuators, controller, etc.)

combined to implement their concept from step 2.

We propose developing card sets and accompanyingweb resources that guide end users through

those steps. While cards for ideating and developing IoT projects already exist, all of these target

expert developers and programmers. Plug-and-play sensors, actuators and controllers have been

created. Thismeansthereshouldbenopartswithopenelectronicconnections thatneedsoldering.

Finally, there needs to be guides for assembling the elements (e.g., in the formof instructional

material) and to support end-user developerswhen thingsmalfunction or stopworking.

1.2 | Proposal

This section presents a hypothesis that serves as a guiding principle for this thesis, centring

on end-user developers and their opportunities in creating bespoke IoT projects. Four scoping

questions are then introduced to direct the research.

1.2.1 | Hypothesis

We identify the following hypothesis:

With structured support, including facilitation and conceptual tools, non-expert end-

user developers can successfully design and implement bespoke IoT solutions.

1.2.2 | Scoping Questions

The following scoping questionswill be further considered andwill assist in defining the scope

of this research. As set out below, these questions are required to substantiate the previously

proposed hypothesis.

A Comprehensive Analysis – Research Question 1 (RQ1)

To explore the implications of creating a bespoke IoT project, we require a comprehensive view of

all the steps and components necessary for end-user developers. Wemust first understand their

specific challenges and available resources.
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RQ1 |What barriers do end-user developers face in creating bespoke IoT projects?

This investigation involves identifying the technical and logistical barriers and evaluating the

accessibility of IoT components and technologies to non-experts. Our preliminary findings, dis-

cussed in “An IoT for Everyone: Fact or Fiction?” [78] at the 32nd International BCS Human

Computer InteractionConference (Belfast, July 2018), highlight that IoT accessibility remains

contentious. In case_studychap case_study??case_studychap case_study

: ??, we explore these issues through a long-term study to understand the development process,

potential challenges, and time needed to create a functional IoT solution, addressing our primary

research question.

End-Users Support – Research Question 2 (RQ2)

Wemust first identify the specific needs and challenges these users face to understand and

develop different tools to assist end users in ideating and creating their own IoT projects. This

involves examining current tools and determining the gaps hindering the creative process. By

doing so, we can design and implementmore effective solutions tailored to empower end users in

their IoT endeavours.

RQ2 | Inwhatways can targeted support during the ideation phase improve end-user devel-

opers’ ability to conceptualise unique technology-driven solutions?

To addressRQ2,wedevelop tools designed to assist endusers in creating their own IoT solutions.

These tools, such as decks of conceptual cards, provide guidance and inspiration throughout

the development process. An initial example of these tools is the deck of cards introduced in

Chapter 5: Concept Refinement and Ideation.

Enhancing Development – Research Question 3 (RQ3)

Toidentifyand implementessential support strategies thatenhanceend-userdevelopers’ success

in building and programming IoT projects, wemust first examine their specific challenges and

obstacles. This involves analysing the existing supportmechanisms and determiningwhere they

fall short in facilitating development. By understanding these gaps, we can develop targeted

strategies that effectively empower end-user developers, ensuring their success in navigating the

complexities of IoT projects.

RQ3 |What essential support strategies enhance end-user developers’ success in building

and programming IoT projects?

The subsequent chapterswill comprehensively explore essential support strategies for end-user

developers. Drawing insights from the long-term case study presented in case_studychap case_-

study??case_studychap case_study

: ??, faitapchap faitap??faitapchap faitap

: ?? then focuses on supporting the critical prototype development stagewithin the IoT process.
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Together, these chapters offer valuable perspectives on how tailored support can significantly

enhance the success of end-user IoT projects.

Problems – Research question 4 (RQ4)

To determine the forms of support that end-user developers require for efficiently identifying

and resolving issues in their IoT projects, we must first explore the common challenges and

troubleshooting needs that arise during the development process. This involves assessing the

current resources available to these developers and identifying gapswhere additional support

may be necessary. By understanding these specific needs, we can develop targeted strategies

and tools that empower end-user developers to overcome obstaclesmore effectively, ultimately

enhancing their IoT projects’ overall success and efficiency.

RQ4|What formsofsupportdoend-userdevelopers require toefficiently identifyandresolve

issues in their IoT projects?

In Chapter 7: GuidedTroubleshooting, we present the specific support that end-user developers

require to efficiently identify and resolve issueswithin their IoTprojects. Building on the insights

gained fromprevious chapters, wherewe explored the skills, tools, and strategies necessary for

successful project ideation and prototype development, this chapter focuses on troubleshooting

challenges. We investigate how targeted support can alleviate the frustration caused by unpre-

dictable technical malfunctions, ensuring that end-user developers are equipped to overcome

obstacles andmaintainmomentum in their IoT projects.

1.3 | Methods

This section presents the researchmethods thatwill be used in the context of this PhD. The re-

searchwill bebasedonInteractionDesign (ID)andHuman-Computer Interaction (HCI)methods,

followingmodels oriented to research howusers, designers, and technical systems interact. The

userswill be understood as someonewith experiencewith or through the technology [187]. The

following approacheswill be utilised:

– User-centreddesign, considering the situationwhere users, designers and technical practi-

tionerswork together to articulate the needs and limitations of the user and create a system

that addresses these elements.

– Value sensitive design (VSD), as a method for building technology that accounts for the

values of the peoplewho use the technology directly, aswell as thosewhom the technology

affects, either directly or indirectly [76].

– Speculative design anddesignfiction, as a future-oriented practice concerning futurology,

concernedwith changing reality rather thanmerely describing ormaintaining it [68].

The following researchmethodswill be utilised:

– Internet-based data collection. The process of gathering available information on pub-

lic repositories – digital libraries and commercial websites – is used to compare existing
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Figure 1.1: Studies and corresponding chapters.

technologies. This approachwas used to write the paper “An IoT for Everyone. Fact or Fic-

tion?” [78],whereninedifferent technologiesandplatformswereevaluatedagainstscenarios

and requirements.

– Surveys. On-line surveys are conducted to understand howusers interactwith existing or

fictional IoT services and devices.

– Interviews. Structured and unstructured interviews with users are conducted to gain in-

sights into their needs and desires concerning IoT projects.

– Conceptualmodels and cards. Different decks of cards are created and testedwith users,

allowing them to develop conceptual models for Internet of Things projects. Conceptual

models are tools for the understanding or teaching of systems. In constructing a system, the

design should ideally be based on a conceptualmodel so that the image of that system seen

by the user is consistent, cohesive and intelligible [139].

– Gamification. In recent years, we have experienced the rise of gamification. This concept

indicates that game design elements in non-game contexts, products, and services canmo-

tivate desired behaviours [59]. In the context of users creating their own IoT systems,we

explore different notions of gamification.

– Experimentation. Studying how end userswith different levels of technological experience

can construct simple IoT solutions. Afirst example of this –SqueezyMood, is described in

Chapter 4.

1.4 | Thesis Structure

This paragraphoutlines the overall structure of the thesis, detailinghoweach chapter contributes

to the overarching research objectives. Chapter 1: Introduction envisions the possibilities of

end-user developers creating bespoke IoT projects. Chapter 2: IoTAcross Scenarios presents

various scenarios involving individuals, groups and significant and collective social needs. It
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also introduces a collection of requirements for bespoke IoT projects. Chapter 3: SupportingEnd-

UserDevelopers compares and contrasts the literature onwhat supports end-user developers

aiming to create IoT projects. As presented in Figure 1.1, the findings from the long-term study

in Chapter 4: Observing an End-User Developer inform the design and testing in Chapter 5:

ConceptRefinementandIdeation,whereamethodusingadeckofcardshelpsend-userdevelopers

conceptualise IoT projects. This exploration is further expanded inChapter 6: Project Enabler

andChapter 7: GuidedTroubleshooting, which testmethods to support end-user developers in

assembling and troubleshooting their IoT systems. Chapter 8: Discussion discusses the insights

obtained from this thesis, and, finally, Chapter 9: Conclusion presents the final remarks.

With the research context and objectives established, the thesis now transitions to Chapter 2,

which examines the diverse scenarios of IoT applications. This next chapter offers valuable

perspectives on the practical applications and technical requirements that influence end-user IoT

development.
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Chapter 2

IoT Across Scenarios

From Personal Use to Citizen Science

“Anyone should be able to become an inventor.

Wewant to enable people to dowhat used to take

twoweeks in twominutes, or was not possible at all.

—TakehiroHagiwara

as quoted inTheSeattleTimes,

“SonyKitHelpsTinkerers Invent SensorDevices” [169]

IN THIS CHAPTER, WE EXAMINE THREE DISTINCT SCENARIOS that illustrate the various contexts in

which potential end-user developersmight engage in creating Internet of Things (IoT) projects.

These scenarios reveal the developers’motivations, needs, and challenges. By exploring applica-

tions that range fromindividual tocommunity-level initiatives,weaimtoprovideacomprehensive

view of the IoT landscape from the perspective of end-user innovation. Following this, wewill

outline the essential requirements for empowering end-user developers to successfully create

and implement IoT projects, contributing to the ongoing advancement of IoT technology.

2.1 | Scenarios

In this section, we describe different circumstanceswhere individuals or groups of people could

benefit from the possibility of gathering, storing, and visualising data. The scenarios discussed

in this chapter were developed through multiple brainstorming sessions, where we explored

various contexts, focusing on practical applications that address real-world challengeswhile also

considering the data flowwithin theSensing,Processing, andActuating space (Figure 2.1). In the

exploration, common themeswere emerging, helping in the process of refining ideas, providing a

broad but targeted exploration.
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Figure 2.1: IoT data flow: sensors gather data from people, objects, and the en-

vironment, processed by microcontrollers and cloud servers, with APIs enabling

communication and actuators responding to the data.

The scenarios presented on the following pages were selected for their common features and

their feasibility for users to assemble. Following this process presented uswith scenarios that

were relevant andmanageable in terms of end-user development, enabling an assessment that

revealed the supporting needs. The three scenarios presented here, are considering diverse

groups of potential users, from an individual or family-focused use to a collective and social need,

encompassing various associated personas.

In the context of this research, we are not considering stand-alone and off-the-shelf digital prod-

uctswith specific hard-coded functionalities (e.g., an IoT kettle such as the fictional Polly—pre-

sented by Lindley et al. [112]—or a connected coffeemachine like theNespresso Prodigio1). In

particular, we exclude products developed as closed systemswith limited or no access to the raw

data to the end user.

2.1.1 | Scenario A: Individual

JasmineKirstel is a digital designerwhoworks fromhome. Over the years, she has steadily devel-

oped the capability of operating anddeliveringprojects in collaborationwith a globally distributed

network of clients and collaborators. However, in her personal workspace, sheworks indepen-

dently, relying on her judgement tomanage her health and productivity. Recently, she started

feeling the physical strain of longhours sitting at her desk. While she acquired anadjustable desk,

she often forgets to change its height andmove to a standing positionwhen intensely focused on

work.

Jasmineseeks to createanartefact that can trackandmonitorherdeskusage, capturingdatasuch

as the height of the desk’s tabletop at regular intervals. The devicemust be easily configurable

via aweb ormobile application, integratingwith her existing network setup (aWi-Fi routerwith

Ethernet ports). Given that she works alone, the system must function unattended for long

1https://www.nespresso.com/prodigio/experience/desktop/#/en/uk
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periods, evenwhen her computer is off, allowing her to view captured data and receive alerts or

reminders on her phone or computer. These requirements reflect the importance of seamless,

low-maintenance solutions for individual userswho cannot rely on others for technical support or

reminders.

2.1.2 | Scenario B: Family-focused Data

TheTaylors enjoy tracking their children’s growth, previouslymarking their progress on a kitchen

door frame. With amove to a newhouse, they now seek amore permanent and interactiveway

to collect and visualise this data. They envision a plug-and-play artefact thatmeasures height,

stores data, and allows easymobile app orwebsite access.

Drawing on D. Rose’s Animism future [151], this artefact would mimic the comfort of a living

relationship. Rather thanmerely tracking growth, it could “learn” the family’s habits and respond

intuitively, reminding them to takemeasurements atmeaningfulmoments or “celebrating”mile-

stoneswith customvisualisations. This approach fosters emotional engagement,making the

devicemore than a tool—it becomes a companion in family life, transforming routine tasks into

personal experiences.

2.1.3 | Scenario C: Citizen Science

The neighbours of Tamatea, inNapier (NewZealand), are unhappy about the noise levels around

YorkAvenue. They aim to collect data to substantiate their concerns and demonstrate that the

noise, particularly during night hours, has become disruptive. A simple IoT systemwould allow

them to gather, process, and present this data to the local council.

They propose using plug-and-play artefacts distributed across the neighbourhood tomeasure

noise levels. These devices should be easy to configure using aweb ormobile application and set

to collect data at regular intervals (e.g., every 15minutes). They should operate unattended for

extended periods (e.g., months) without requiring connection to the electricity grid or continuous

monitoring via another device. The collected data should be accessible through a website or

mobile application, utilising existing networks (e.g., 3G).

2.1.4 | Contextual Complexity of IoT Scenarios

Although the scenariosmentioned above share similar technological foundations, they differ in

complexity due to their unique contexts. This iswhere technology intersectswith human needs

and desires, presenting opportunities and challenges in each case.

Jasmine has complete autonomy in integrating IoT solutions into her routine as an individual

user. Unlike in a family or community setting, where tasksmight be distributed, Jasminemust

take sole responsibility for the design, configuration, maintenance, and interpretation of the

data produced by the IoT system. Furthermore, given the specific nature of her needs, she is
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taskedwith developing a bespoke IoT system that seamlessly fits into herworkspace and routine.

This process requires her to understand the technical specifications and how the system can be

created to address her unique situation, reinforcing the importance of user-driven design in IoT

development. This level of self-reliance alignswith the quantified selfmovement, as described by

Lupton [119], where individuals use technology to optimise their health and productivity through

personal tracking.

Drawing onD.Rose’s concept of enchanted objects [151], this devicewould seamlessly embed

computation and connectivity into herworkspace, enhancing her daily routine. Like Rose’s Glow-

Cap—a smart pill bottle that glows to remind users to take theirmedication and improves adher-

ence from40-60% to over 90%—Jasmine’s desk-monitoring systemwould notmerely perform

a task but enrich her interactionwith her environment, promoting physical well-being through

subtle, intuitive interactions. By offering personalised reminders, this enchanted object aligns

with the quantified self’s goal of self-optimisation through self-tracking and analysis.

Furthermore, as an individual user, Jasminemay face different challenges in engagingwith this

system compared to users in a group setting. Without shared accountability or collaborative

troubleshooting, Jasmine’s IoTdevice success depends solely on hermotivation and ability to

self-monitor. This highlights the importance of designing IoT tools for individual users that

are intuitive, easy tomaintain, and requireminimal ongoing interaction—factors that ensure

continued usewithout external support.

In the second scenario, a family project introduces a distinct context. The physical artefact should

be easy to configure using aweb ormobile application. It would allowmeasurements on request

(e.g., with a button) and store photos alongside data. In this case, data collection and use are

limited to a small group (e.g., 4 to 12 people). However, the dynamics of a family group could

introduce complications. Even though allmembersmay be non-expert developers, variations in

roles naturally emerge: somewill take on leadership in decision-making or technical aspects. In

contrast, otherswill express differing opinions or preferences. These varying perspectives could

slowprogress or create conflicts,mainly if there are disagreements about how the artefact should

beusedor configured. The small size of thegroup cansometimes streamlinediscussions as fewer

people are involved. Still, it alsomeans that a singlemember’s objections can significantly impact

the project’s direction. The psychological effects of these interactions—such as maintaining

consensus ormanaging differing expectations—can hinder the smooth implementation of the

project, adding an additional layer of complexity towhat initially seemed like a straightforward

task.

In the third proposed scenario, the project introduces a different context inwhich group dynamics

play amore significant role. Given the broader interest of up to 500 people in this community,

ParticipatoryDesign Fiction can be applied as a co-design approach to enhance the development

of this IoT system [140]. By encouraging the exploration of unconventional ideas and engaging

end users in the ideation phase, thismethod allows for creating innovative systems that better

reflect the aspirations and needs of the community. However, coordinating such a large group
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introduces challenges inmanaging group dynamics. Despite sharing a common goal, variations

in opinions, priorities, and levels of engagement among participants can slow down decision-

making and lead to disagreements about design choices or the interpretation of the data. Unlike

smaller groups, such as families, where discussions are more intimate and decisions can be

made quickly, larger community groupsmust navigate a broader range of perspectives. The time

required to reach consensus increases significantly, as does the risk of some participants feeling

marginalised if their voices are not adequately heard. Additionally, the emergence of informal

leaderswithin the group can influence the project’s direction,whichmayormaynot alignwith the

broader community’s intentions. These dynamics could hinder consensus-building and affect

the community’s ability to effectively deploy andmaintain the IoT system, adding a layer of social

complexity to the project’s technical challenges.

Analysing the three scenarios reveals escalating complexity in group dynamics, whichmay hin-

der project completion. While the technological requirements—discussed in the following sec-

tion—remain relatively consistent, aligning the goals andmotivations ofmultiple participants,

particularlywith limited expertise, adds significant challenges.

2.2 | Requirements

Building on the scenarios discussed earlier, we identified several essential conditions that an IoT

projectmustmeet to effectively address the diverse needs of individual, family, and community

users. These conditions ensure that the systems are adaptable to each scenario’s unique context

whilemaintaining usability, reliability, and engagement.

– The things

A collection of plug-and-play artefacts used tomeasure different dimensions (e.g., distance,

temperature, noise) and capture simple data points ormore complexmultimedia data (e.g.,

photographs, audio, video). In our scenarios, end userswant to capture datawithout con-

structing a device from scratch.

– Set-up and configuration

The ability to configure the data capture artefacts using the web or a mobile application

(through aGUI). These are the systems that end users are already familiar with.

– Interconnectivity

The possibility of connecting to other platforms and services (e.g., SMS). The end userswe

describewould like to receive alerts and notifications on systems they already use.

– Operation

Having artefactswith the possibility of capturing data on request (e.g., now), or with the use

of a timer (e.g., every fifteenminutes, hourly), or triggered by an event (e.g., someone passing

a door). In the described scenarios, data capture instances can be triggered differently.

– Power

Powered inaway that allows themtoworkunattended for longperiods (e.g.,months)without
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beingconnected to theelectricitygrid, as inourscenarios, enduserswant tosetup thesystem

and leave it running. According to our scenarios, end-userswant to use the systemswithout

constantly considering how they are powered.

– Independence

Workwithout the constant usage of a device that is not part of the system (e.g., a computer, a

tablet or a smartphone). In our scenarios, end users want systems that do not depend on

other existing devices, even if they have them.

– Visualisation

Offer differentways of visualising the captured data usingweb andmobile interfaces. In our

scenarios, end userswant access to visualisationswith the systems they are familiarwith

(e.g., web andmobile).

– Connectivity

Workover commonly availablenetworks (e.g., cellular andWi-Fi). In our scenarios, endusers

want to use networks that are already available to them.

2.3 | Summary

This chapter examines Internet of Things (IoT) technology through the lens of distinct user

scenarios, revealing its potential to enhance daily life in personal, domestic, and community envi-

ronments. At its core, IoT offers a paradigm shift in how individuals, families, and communities

interactwith technology, bringing about efficiency and improved decision-making capabilities.

We began by exploring the individual use case through JasmineKirstel, a digital designer. Her

story illustrates the need for IoT systems that adapt to personal work environments, focusing on

how such technology can optimise physical conditions, like accommodating an adjustable desk,

thereby enhancing productivity and comfort. While this scenariomay seemsimpler due to the

absence of social dynamics, it places the burden of design, configuration, and troubleshooting

solely on the individual, with no support network to rely on.

The family-focused scenario, represented by theTaylor family, highlights the application of IoT

in a domestic setting. Here, the emphasis is on tracking andmanaging children’s growth and

development. The presence ofmultiple participants allows for shared responsibilities and col-

laborative decision-making. However, this also introduces the potential for disagreements and

differing expectations, which can complicate the adoption and configuration of the technology.

In the citizen science application, we shifted our attention to a group of people inNapier, New

Zealand. This scenario provided insight into how IoT can empower communities to tackle envi-

ronmental concerns, such as noise pollution, through collectivemonitoring and data analysis.

The presence of a large number of participants offers the advantage of shared effort and diverse

perspectives. Yet, it also introduces challenges in coordination and reaching consensus,making

the projectmore complex despite the increased support network.
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The chapter further identified key requirements for IoT systems catering to these scenarios: ease

of setup, interconnectivity, power efficiency, independence, visualisation capabilities, and robust

connectivity. These requirements ensure the accessibility, reliability, and effectiveness of IoT in

various real-world applications.

In conclusion, the diverse applications of IoT technology in this chapter underscore its vast

potential to shape our interactionwith the digital and physical world. However, the complexity of

social dynamics—whether in family settings or larger community groups—highlights the need

for IoT systems that are not only technically robust but also adaptable to the nuanced challenges

of human interaction. From the simplicity yet self-reliance required in individual settings to

the collaborative but sometimes complicated dynamics of group projects, IoT remains a pivotal

technologywith largely untapped possibilities for revolutionising everyday life.

In the next chapter, wewill evaluate the literature and practical toolkits that support end-user

developers, with a focus on existing frameworks, tools, andmethods designed to empower non-

experts in engagingwith IoT technologies.
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Chapter 3

Supporting End-User Developers

Literature Review and Practical Tools

“Themost profound technologies are those

that disappear. Theyweave themselves

into the fabric of everyday life

until they are indistinguishable from it.

—MarkWeiser

TheComputer for the 21st Century [183]

THIS CHAPTER EXAMINES both the existing literature and practical toolkits that provide support

mechanisms for end-user developers involved in creating IoT projects. As IoT technologies be-

comemore accessible, individuals without formal training in computing or electronics are ex-

pected to develop IoT solutions. However, through a review of both academic foundations and

practical resources, we argue that currentmechanisms remain inadequate. The literature and

the toolkits reveal significant challenges,making IoT development difficult and often impractical

for non-experts.

The field of supporting IoT project development has a significant history, yet only in the past

decade have researchers begun to focus explicitly on the needs of end-user developers. This

chapter systematically examines how existing research addresses the full support required by

end users, from the initial ideation phase to implementation, ongoing servicing, and long-term

maintenance. The objective is to identify gaps in the current literature and available toolkits, sug-

gesting areas for further research and development to better support and empower non-experts

in IoT creation.

The following questions guide the review:

Question 1 | What kinds of support have been discussed and developed for end-user devel-

opers, generally andwithin the context of IoT?
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Question2 | Whatspecific typesofsupporthavebeencreated for IoTdevelopment, andhow

do these alignwith different stages of the creation process, such as ideation,

prototyping, testing, andmaintenance?

Question3 | Where do the gaps exist in the current support systems for IoT development,

particularly regarding their effectiveness for non-expert developers?

The chapter beginswith Section 3.1, which presents the literature review and theoretical founda-

tions shaping IoT development for non-experts. It then transitions to Section 3.2, where existing

workshops and toolkits are evaluated for their effectiveness in supporting end-user developers.

This evaluation aims to identify gaps and challenges in current tools, focusing on key obstacles

such as technical complexity, usability issues, and steep learning curves. Finally, Section 3.3

summarises the key points discussed throughout the chapter.

3.1 | Literature Review and Theoretical Foundations

This section addresses the first guiding question:What kinds of support have been discussed and

developed for end-user developers, generally andwithin the context of IoT?We review the existing

literature onend-user development (EUD)andexplore the theoretical and contextual foundations

of support systems in the IoT domain. This analysis provides a broad understanding of the types

of support available to non-expert developers.

3.1.1 | End-User Development (EUD)

This section explores the concept of End-UserDevelopment (EUD) and the broader discourse

on empowering non-expert developers. This discussion lays the groundwork for understanding

these developers’ specific needs in the IoT context.

The emergence of End-UserDevelopment (EUD) in the 1970s and 1980swas closely tied to the

miniaturisation and cost reduction of computing technologies [1, 23]. This period marked a

pivotal shift where individualswithout formal computing training could increasingly engage in

softwaredevelopment. AsPaternò [143]highlights, the initial focusofEUDwasongraphicaluser

interfaces (GUIs). These interfaces played a critical role in lowering the barrier to entry bymaking

complex systemsmore accessible, as documented in the literature [23, 117, 142]. However, while

GUIs facilitated access to desktop-based software creation, theywere less effective in addressing

the demands of later technological shifts, such as the complexities of mobile computing and

the challenges of IoT integration. This limitation suggests that the early focus onGUI-based

tools did not fully anticipate non-experts’ needs as technology evolved, a gap that subsequent

research in EUDhas sought to address. This gap aligns with the initial question guiding this

review,which aims to understand the evolution of supportmechanisms for end-user developers,

particularly in the context of IoT. Addressing this need requires a deeper understanding ofwhat

constitutesEUDandhowitenablesnon-professionaldeveloperstoactivelyshapedigitalartefacts.

Lieberman et al. [110] defineEUDas a collection ofmethods, techniques, and tools that empower
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non-professional developers to create, modify, or extend software artefacts. While centred on

software, this definition captures a broader ambition: enabling non-professional developers to

engagewith and shape digital artefacts across varying domains.

Paternò [143] traces theevolutionofEUDthroughdistinct technological shifts, starting in the late

1980swith graphical desktop systems thatmet basic development needs. As theWeb and open

interfaces emerged, EUDevolved to supportmore dynamic interactions, eventually leading to the

third generation of touch-basedmobile devices that facilitate user-driven development activities.

These shifts are not merely incremental; they signify a more profound transformation in end

users’ interactionwith technology. Today’sgenerationextends this trajectoryassmart thingsand

robots equippedwith sensors and actuators push the boundaries ofwhat EUD can achieve. The

integration ofMachine Learning andDigital Twins further exemplifies this evolution, providing

non-expertswith powerful tools for optimising their IoT environments, particularly in complex

tasks such as energymanagement [35]. This ongoing development underscores the need for

EUD frameworks that can keep pacewith these technological advancementswhile addressing

the growing complexities faced by non-expert users.

The rise of digital fabrication technologies, including 3Dprinters and laser cutters, has signifi-

cantly blurred the distinctions between digital and physical artefacts [5, 116]. These advance-

ments and the proliferation of open hardware have propelled theMakerMovement. Thismove-

ment has broadened the scope of EUD, incorporating newapproaches and socio-technical envi-

ronments that empower end users to create digital artefacts through integrating software and

hardware [72, 121]. The intersection of these technologies highlights a shift where end users are

not just consumers but active creatorswithin increasingly hybrid digital-physical ecosystems.

While these tools facilitate ideation and prototyping stages, their contribution to testing and

long-termmaintenance remains limited. This observation directly addresses the second guiding

question of this review, emphasising thatwhile theMakerMovement has provided new avenues

for early-stage development, the literature is less clear on how these tools support the entire

lifecycle of IoT projects.

Themotivations for project development can significantly vary between professional and non-

professionaldevelopers[154]. Understandingthedifference iscrucial foraddressingthefirstguid-

ingquestionof this review,which concerns thekindsof support developed for end-user developers.

For professionals, extrinsicmotivations—such as financial rewards and career growth—often

dominate, though intrinsicmotivations also play a role, especiallywithin open-source commu-

nities [90, 103, 190]. Conversely, non-professionals are primarily driven by intrinsic factors,

including a desire for practical tinkering, creative expression, or a curiosity for emerging tech-

nologies [17]. Their engagement often stems from a direct and immediate interest in solving

personal challenges or exploring the potential of new tools, reflecting a fundamentally different

orientation towards development activities.

Education and training also distinguish professional fromnon-professional developers. While

many individuals receivebasic computingeducationat theprimaryandsecondary levels [67], only

a fraction pursue advanced degrees in Computer Science or SoftwareEngineering [163]. These
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advanced degrees provide the theoretical knowledge necessary for professional development,

including understanding data structures, computer architecture, programming languages, and

software engineeringmethods. In contrast, end-user developers typically lack formal training in

development and do not consider it their profession [17].

The literature acknowledges a continuum in the progression of professionals, from novice to

expert [42, 65]. This thesis defines a novice as an individualwith training but limited practical

experience [65], while a non-expert refers to an individual without professional or specialised

knowledge in a particular subject. A novice developermight be a recent Computer Science gradu-

ate, whereas a non-expert could be anyone attempting to develop a project without prior training.

Without formal training, non-experts face a longer progression toward expertise. Although their

knowledge can increase, the time required forprogress is oftensignificantly longer. In commonus-

age, a “steep learning curve” is often associatedwith something difficult or challenging. However,

psychologists use learning curves to represent the relationship between practice and improve-

ment, where a steeper curve technically indicates faster learning [162]. A novice with formal

training may experience a steep learning curve, implying faster progress, while a self-taught

individualmay encounter amuch shallower curve, indicating slower,more gradual improvement.

This thesis aims toexplore the supportmechanismsavailable to end-userdeveloperswithvarying

levels of knowledge, focusing on those at the lower end of the expertise spectrum. End-user

developers often overlapwith non-experts, as they generally lack formal training and engage in

development activities driven by personal needs or interests rather than professional obligations.

Recognising this overlap is crucial to understanding their challenges and the types of support

that can empower them in IoT development. It is beyond the scope of this thesis to discuss how

these individuals transition to becoming experts.

Previous research has highlighted the high complexity of IoT ecosystems [12]. Considering

software requirements alone, the coexistence of diverse devices, protocols, architectures, and

programming languages demands knowledge across various areas [32]. End-user developers

could benefit from adequate tools for creating IoT projects [144]. However, in the early days of the

IoT, researchprimarily focusedontechnicalconsiderationssuchasconnectivityandsecurity [123].

Asdiscussed inChapter 1, the focushasnotbeenonmaking the technologymoreusableorhelping

end-user developers fully realise the potential of IoT.

3.1.2 | Supporting Structures in IoT Development

This section explores the essential structures and frameworks that underpin and support End-

UserDevelopment (EUD) in IoT projects, focusing on how these structures address the unique

challenges faced by non-expert developers. It covers the critical role of documentation and com-

munity resources, such as online forums, in facilitating knowledge sharing and collaborative

problem-solving. Additionally, key conceptual frameworks, such asmeta-design and semiotic en-

gineering, are introduced, providing theoretical foundations for creating socio-technical systems

that empower end users to engage in continuous,meaningful development processes.
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Documentation is essential for programmers to learn new software, create digital products, and

integrate hardware and software components. Nassif andRobillard [134] highlight the relevance

of the area by noting that various techniques have been proposed to automate documentation

creation [24, 87, 125]. For documentation to be adequate, itmust include relevant information

and present it in a user-friendly format. As documentation grows in complexity and aims at a

broader audience, its effectiveness depends on addressing issues such as vocabulary, technical

jargon, and lack of context [3]. Despite advances in documentation techniques for software sys-

tems, a notable gap exists in documentation tailored explicitly for IoT development, particularly

for end-user developers. While considerable research has focused on automated documentation

processes and general best practices, there appears to be a lack of concentrated exploration on

optimising documentation tomeet the needs of non-expert developersworkingwith IoT technolo-

gies. This absence highlights an opportunity for further investigation into howdocumentation

can be effectively designed and utilised to support end-user developers in the IoT domain.

A community of practice (CoP) is a group of individualswho share a common interest or profession

andengage incollective learningandknowledge-sharingthroughregular interactions. Thesecom-

munities are characterisedbyashareddomainof interest, a commitment toadvancingknowledge

within that domain, and the development of a shared repertoire of resources, such as experiences,

stories, tools, and strategies. Members learn from one another by participating in activities,

discussions, and collaborative problem-solving, often leading to the refinement of skills and the

generation of new ideas. Over time, these interactions foster a sense of identity and belonging

among members as they contribute to and benefit from the community’s collective expertise.

This concept iswidely applied in various fields, including education, organisational development,

and technology, where fostering a community of practice can enhance professional development,

innovation, and the effective dissemination of knowledge. Forums such asStackOverflow and

Reddit’s r/programming exemplify CoPs by enabling programmers to exchange knowledge, collab-

oratively solveproblems, andenhance their skills. Similarly, technology-specific forums like those

for Arduino orRaspberry Pi also function asCoPs, providing platforms for users to assist each

otherwith technical issues and project-related advice. In educational contexts, CoPs have been

effectively applied, particularly in programming courses, to help bridge student skill gaps. As

Mercieca [126]observed, the conceptof aCoPoriginally emerged fromstudiesonapprenticeships,

where learning a particular practice involved integrating into the community that upheld and

practised that expertise. This approach can enhance programming skills by simulating the col-

laborative dynamics of real-world software development teams, helping students progress from

observation to active participation. However, while CoPs naturally evolve among experienced

developers, deliberate efforts are needed to extend these benefits to end-user developers, who

mayfind such spaces unfamiliar or intimidating. Ensuring that all learners, including end-user

developers, can engage in collaborative, supportive environments is crucial for their growth and

development [28].

Meta-Design is a framework for creating socio-technical environments that empower users to en-

gage in continuoussystemsdevelopment rather thanbeing restricted topredefinedsolutions [73].

It focuses on building both the technical and social infrastructures that allow users to co-design
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systems continuously. This approach is particularly relevant to IoT, where the integration of

diverse hardware and software requires ongoing adaptation as new technologies emerge and

user needs evolve. Meta-Design enables end-user developers—whomay lack formal training but

possess domain-specific knowledge—to activelymodify and refine IoT systems over time [34,

189]. Although the framework has been established formany years [74], there is no evidence in

the literature of its application specifically to IoT projects by end-user developers.

InHCI, Semiotic Engineering is a theoretical framework that interprets human-computer inter-

action as a communication process between systemdesigners and users [49]. It emphasises how

system interfaces convey the designers’ intentions and understanding of user needs,making it a

valuable tool for designing systems that non-expert users canadapt to their contexts. For IoT, this

is crucial as it guides the creation of interfaces that support user appropriation and customisa-

tion. Using Semiotic Engineering, Ferrari et al. [71] discusses the concept of appropriation of IoT

technology. Their study involved novice users of smart devices—recruited fromundergraduate

courses in Computer Science—focusing on how they adopt, use, and adapt to IoT technology over

time. Appropriation – “theway inwhich technologies are adopted, adapted and incorporated into

working practices” [63] – is complex, involving various interactions across different contexts and

times,making it challenging to evaluate and design for. Using Semiotic Engineering to analyse

the data, the researchers identified communicative breakdowns at the appropriation level. These

insights reveal design principles that can help facilitate the successful adoption and adaptation

of IoT technology by non-experts, addressing challenges that arise when systems fail to align

with users’ evolving needs.

WhileMeta-Design offers a flexible approach for continuous adaptation, it lacks the prescriptive

guidance seen in frameworks like Semiotic Engineering. This suggests a trade-off between

adaptability and ease of use that IoT-specific support systems have yet to fully address.

The discussion on the context and theoretical foundations of IoTdevelopment for non-experts

illustrates that end-user development (EUD) has evolved significantly, now encompassing both

hardware and software in creating digital products. The distinctions between professionals and

non-professionals, alongside the variousmotivations driving their development activities, high-

light the unique challenges non-experts face. Supporting these individuals effectively requires

considering their learning processes and the structures that facilitate their engagementwith IoT

technologies. While the value of documentation, communities of practice, and frameworks such

asmeta-design and semiotic engineering could contribute to creating an empowering ecosystem,

the literature does not provide clear evidence that this is happening. These elements underscore

the importance of a holistic approach to supporting end-user developers, ensuring they have the

necessary tools, resources, and theoretical grounding to navigate the complexities of IoT projects.

3.1.3 | IoT Development Process

This subsection investigates the IoT development process by reviewing the literature on the sup-

portmechanismsavailable forend-userdevelopersacrossvariousstages. By focusingon ideation,
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prototyping, and troubleshooting, this subsection assesses howwell the existing literature ad-

dresses the unique needs of non-expert developers. The goal is to identify the strengths and gaps

in the support provided at each phase, offering insights into where further improvements are

necessary to enhance the development experience for end users.

Developers can use sequential or iterativemethodologies to create hardware and software arte-

facts. Identified stages of the development process include research, planning, design, develop-

ment, testing, setup, andmaintenance [55, 155]. Existing research also identifies approaches to

software development that incorporate evolutionary application development, which challenges

the conventional view of design-before-use and includes end-user developers in the process [110].

Ideation

Ideation is the phasewhere creators generate ideas usingmethods such as brainstorming,mind-

mapping, or storyboarding [43]. Good ideas often result fromgeneratingnumerous concepts [97].

Ideationmethods stimulate divergent thinking, essential for generating creative solutions.

TheDesignCouncil’sDoubleDiamond and IDEO’sDesignThinkingmethodologies emphasise

the importance of divergent thinking in ideation [20, 36]. Physical objects, such as blocks, tokens,

or cards, can help foster this type of thinking [91]. Participants of ideation sessions benefit from

using tangible cards as sources of inspiration [115].

Toolkits are defined by Ledo et al. [105] as generative platforms designed to create new interactive

artefacts, provide easyaccess to complexalgorithms, enable fastprototypingof softwareandhardware

interfaces, and enable creative exploration of design spaces. Recent research has produced several

IoT ideation toolkits, many of which consist of decks of cards, while others include complete

tabletop gameswith boards, cards, and tokens [102].

To understand how toolkits support the creation of IoT projects, ten toolkits produced between

2014 and 2018were identified: Better IoTKnowCards, Co-create the IoT, IoTDesignDeck, IoT

DesignKit, IoT IdeationCards, IoTServiceKit, Karakuri IoT,KnownCards,Mapping the IoT, and

Tiles IoT Toolkit (Table 3.1). These toolkits were organised using the categories proposed by

Wölfel andMerritt [186], which include Intended Purpose Scope, Duration of Use, System or

Methodology of Use, Customisation, and Formal Qualities. In a subsequent section, we will

review and compare these toolkitswithin the context of the goals of our investigation, analysing

1https://sites.google.com/studiodott.be/research/iot-ideation-cards

2https://karakuriiot.com/

3https://know-cards.myshopify.com/

4http://mappingtheiot.polimi.it/

5http://www.stembertdesign.com/cocreation-and-the-iot.html

6https://iotservicekit.com/

7https://www.iotdesigndeck.com/

8https://iotdesignkit.studiodott.be/

9https://www.tilestoolkit.io/

10https://github.com/betteriot/betteriot-knowcards
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Table3.1: IoT toolkits.

Toolkit Goal Elements Publications C
a
rd
s

B
o
a
rd
s

T
o
k
e
n
s

E
x
tr
a

General/Repository cards

IoT Ideation Cards1 Thinking new products and

services

54 cards in 4 categories

Karakuri IoT2 Ideating and presenting

conceptual solutions

27 cards, 5 joker cards [133, 188]

KnownCards3 Brainstorming and

definition

162 cards in 4 categories [9, 10]

Mapping the IoT4 As reference, for

brainstorming, concept

definition and evaluation

70 cards, four activity

guides, eight analysis cards

and a features map

[7, 177, 180, 179, 178]

Participatory design cards

Co-create the IoT5 Guide innovation with a

focus on user-engagement

cards, templates, signs [64, 164, 175]

IoT Service Kit6 Co-create IoT experiences 100 cards, 4 boards, 11

tokens

IoT Design Deck7 Co-design cards [60, 61]

IoT Design Kit8 Defining ideas 13 design canvases and 3

decks of cards

[47, 48]

Tiles IoT Toolkit9 Support creative thinking,

provide critical lenses to

analyse outcomes, support

transforming ideas into

prototypes

110 cards, one board [81, 83, 120, 124, 127, 128, 129]

Context-specific/Agenda-driven cards

Better IoT Know Cards10 Test industry interest in the

principles of an open IoT

certification mark

33 cards, two posters

how well they align with the needs identified in the previous scenarios and how they support

end-user developers in creating and deploying IoT solutions. This comparative analysis will

provide a clearer understanding of each toolkit’s strengths and limitations in addressing the

specific challenges faced by non-experts in the development of bespoke IoT projects.

Prototyping

The term prototyping carries multiple meanings across different disciplines. In HCI, UX/UI,

and industrial design, a prototype serves as a tangible representation of a design idea, with each

field emphasising different aspects of its creation and use. FromaHuman-Computer Interaction

(HCI) perspective, a prototype is often used to explore and validate interactions between users

anddigital systems [150]. These prototypes are critical for usability testing, allowing researchers

and developers to observe user engagementwith a system’s functionality, ranging from simple

wireframes tomore sophisticated, interactivemodels aimed at refining system requirements.

InUX/UI (UserExperience/User Interface) design, the focus shifts to creating prototypes that

simulate the user experience and interface design [29]. These prototypes help evaluate both

usability and aesthetic appeal, ensuring alignment with user needs and behaviours. UX/UI

prototypes typically includewireframes,mockups, or interactivemodels that illustrate user flows

and design coherence, tested for functionality, visual design, and ease of use.
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In industrial design, prototypes are usually physicalmodels that demonstrate the form, function,

and usability of a product [38]. Thesemodels allow designers to testmaterials, ergonomics, and

manufacturability, ranging from low-fidelitymodels to fully functional products. Industrial de-

sign prototypes are crucial for assessinghowaproduct interactswith users in real-world contexts,

focusing on both appearance and practicality.

Lim et al. [111] explain that prototypes not only support evaluation but also play a generative role,

enabling designers to reflect on their process and explore a design space. Prototyping is a crucial

phase in the IoT development process, where initial concepts are transformed into functional

models. This stage presents significant challenges for end-user developers due to the complexity

of integrating hardware, software, and network components. While the end-user developers in

our studymay not iterate and refine their artefacts extensively—often stopping once the artefact

functions as intended—we adopt this broader understanding of prototyping to better capture

the creative process. In this thesis, we use the term to describe the process of creating a tangible

artefact that embodies design ideas.

Despite the growing availability of toolkits andmethodologies designed to assist in IoT develop-

ment, theprototypingphase remainssignificantlyunder-supported,withmanyexisting resources

failing to adequately address the needs of non-experts during this critical stage. Most research

has focused on isolated aspects such as customisation [53] or hardware development [146], with-

out addressing the full spectrumof challenges non-experts face. Many published studies have

either not included end-user testing [99, 148] or have been conducted under conditions thatmay

not generalise [157].

Key challenges include:

– Complexity of Integration:Non-experts strugglewith the technical intricacies of integrating

IoT components, such as sensors, actuators, and communication protocols. This complexity

is exacerbated by the lack of user-friendly tools.

– LimitedUser Involvement: Studies often overlook end-user involvement in prototyping,

resulting in solutions that do not fully address usability concerns.

– InsufficientGuidance: Existing resources lack detailed guidance on debugging, iterative

testing, and refinement, leaving non-expertswithout the necessary support to progress from

conceptual ideas to functional prototypes.

F.V.Gianni [83]highlights thesignificantdifficultiesnon-experts facewhenmovingfromideation

to prototyping, noting thatwhile some tools assist in this phase, they often remain incomplete or

overly complex, requiring further development to be truly effective for non-experts.

Troubleshooting

Troubleshooting represents a critical aspect of the IoT development process, where non-expert

developers diagnose and resolve technical issues that arise during the creation and deployment

of IoT solutions. Due to the inherent complexity of IoT systems, which involve diverse hardware,

software, and network components, troubleshooting is amultifaceted challenge for non-expert

developers.
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In her research, Booth [18, 19] explores how end-user developers can be supported in overcoming

development challenges through targeted assistance and supportmechanisms. Her studies offer

insights into troubleshooting behaviours, particularlywith circuit bugs, and suggest potential

tools to enhance problem resolution, such as physical card-based tools.

Despite the development of support tools, significant gaps remain in the troubleshooting phase,

particularly regarding the guidance provided to non-experts. Future researchmust explore hybrid

physical-digital approaches to better support novicedevelopers, includingmoredetailedguidance

and structured troubleshootingmethodologies.

In conclusion, while some progress has beenmade in developing support tools for the IoT de-

velopment process, significant gaps remain in areas such as prototyping and troubleshooting.

Addressing these gaps is essential for empowering non-experts to effectively develop, test, and

refine their IoT projects.

3.2 | Review of Practical Toolkits and Workshops

This section answers the secondguiding question:What specific types of support have been created

for IoT development, and how do these align with different stages of the creation process, such as

ideation, prototyping, testing, andmaintenance? Here, we examine practical toolkits andwork-

shops designed for end-user IoT developers. We evaluate how these tools alignwith the different

stages of the IoT development process identified earlier.

3.2.1 | Workshops in IoT Development

This subsection presentsworkshops and IoT development techniques used to assist non-expert

developers in creating andmanaging IoT projects. The discussion compares and contrasts these

approaches, examining their effectiveness in supporting end-user developers. The aim is to

highlight the strengths and limitations of existing approaches and identify areaswhere further

innovation is needed.

Numerous studies on end-user development for IoTemploy aworkshop format to explore support

strategies fornon-expertdevelopers [4,54,62, 79,82, 168]. Someof these focusonresearcherand

practitioner discussions to developmethodologies for supporting end-user developers, yet they

donot involve actual endusers [54, 62, 168]. In other cases,workshops include endusers, though

often research teammembers create the prototypes instead of participants [4], or participants

are not required to build a prototype [79].

One notable example is thework of F. Gianni et al. [82], who presentedRapIoT, a software toolkit

for non-expert developers, during aworkshop. However, the study found that participants faced

difficulties understanding JavaScript syntax, and the study did not report a proven solution for

overcoming these challenges.

In addition toworkshops, several IoT development techniques have been proposed to support

non-expert developers. These includeExplanatory Debugging, the JigsawMetaphor,Modular
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Electronics,Programming byExample (PbE),Trigger-ActionProgramming, andVisual Program-

ming. Each of these techniques offers unique approaches to assisting developers, but they also

present specific challenges.

ExplanatoryDebugging aims to empower end users to personalisemachine learning systems

with greater effectiveness and efficiency [100]. Building on this idea,M.Burnett andKulesza

[22] suggest that this technique couldextend to IoTsystems, offeringpotential for customisation,

control, and issue resolution—though further user studies are necessary to validate its efficacy

in this domain. A related approach, the JigsawMetaphor, conceptualises block programming

using puzzle-like pieces that interlock to form complete programs [33, 44]. While thismetaphor

simplifies the coding process for beginners, it can become cumbersomewhen applied tomore

intricate IoT tasks.

Moving from software to hardware, Modular Electronics introduces a physical parallel to the

jigsaw approach. It allows developers to use electronic components like interchangeable LEGO

bricks, lowering the technical barrier for engaging with hardware [146]. However, while this

approach addresses hardware challenges, it does not fully resolve issues related to software

integration. Similarly, Programming byExample (PbE), sometimes referred to as Programming

byDemonstration (PbD), allows users to craft programs by performing actions that the system

subsequently replicates [88, 101, 109]. Despite its potential for simplicity, studies like those of Li

et al. [108] highlight its limitations, especially inmobile-based IoT automation scenarios.

Trigger-Action Programming serves as a user-friendly approach to configure systembehaviours

by linkingspecific triggerswithactions, suchas “ifmotion isdetected, thenturnonthe lights” [172,

173]. IFTTT (If This ThenThat) is a prominent example of this approach [31, 173]. Nonetheless,

research has revealed that users frequently experience challenges when debugging these IF-

THEN rules [33, 122], pointing to a broader need for improved supportmechanisms [30, 31].

In contrast,VisualProgrammingshifts the focus towardsgraphicalmanipulationof code through

avisual programming language (VPL), replacing traditional text-based codingwithan intuitive in-

terface [137]. Well-knownexamples, suchasScratch,Alice, andGreenfoot, trace theiroriginsback

to foundational educational tools like Papert’s Turtle Graphics andPattis’ Karel theRobot [174].

Nonetheless, the application of visual programmingwithin IoThas shownmixed results. Even

simple tasks, such asmaking an LEDblink,may require extensive graphical configurations [147],

and key research gaps persist in the domain [160].

Despite the promise of these techniques, recent studies have not convincingly demonstrated

throughuser studieshowExplanatoryDebugging, theJigsawMetaphor,ModularElectronics,PbE,

Trigger-ActionProgramming, orVisual Programming can effectively support end-user developers

in creating or tailoring custom IoT projects. More comprehensive evaluations are needed to

identifywhere these techniques succeed andwhere further refinement is required to empower

non-expert developers fully.
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Table3.2: IoT toolkits end-user developer acceptability.

Toolkit Acceptability

General/Repository cards

IoT Ideation Cards

Karakuri IoT

KnownCards

Mapping the IoT

Participatory design cards

Co-create the IoT

IoT Service Kit

IoT Design Deck

IoT Design Kit

Tiles IoT Toolkit

Context-specific/Agenda-driven cards

Better IoT Know Cards

Not acceptable Might be acceptable Acceptable

3.2.2 | Comparative Analysis of Toolkits

Developing IoT projects presents unique challenges for non-expert userswhomay lack formal

training in the necessary technologies. This subsection compares the existing development and

support systems for IoT, focusing on their effectiveness for end-user developers. By evaluating

the usability and suitability of these systems,we aim to highlight their contributions and iden-

tify how they address gaps in existing research. This comparative analysis also advances the

understanding of IoT development for non-experts.

Following the introduction of ten toolkits designed to support IoT project development in Subsec-

tion 3.1.3: IoTDevelopment Process, we assess thembased on their acceptability for end-user

developers. Acceptability refers to how well a toolkit accommodates individuals with limited

technical knowledge, especially in avoiding specialised terminology or complex concepts. This

evaluation demonstrates how these toolkits alignwith or diverge from the needs of non-expert de-

velopers, contributing to the broader comparative analysis of development and support systems.

Table 3.2 presents an overview of the toolkits and their acceptability ranking for end-user devel-

opers. Toolkitswith high acceptability are then evaluated in-depth, contrasting their strengths

across the following criteria:

1. Supporting the definition and scoping of a problem.

2. Supporting the ideation of an IoT solution.

3. Supporting the realisation of a functional IoT project.
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Table3.3: Cards suits included in the two kits.

IoT Design Kit Tiles IoT Kit

Environment (17) Feedback (10)

Interaction (2) Human actions (9)

Object (10) ○ Sensors (12)

Person (13) ○ Services (15)

Things (30) ○

Misc (Expectations) (22) Missions (14)

Wildcards (11) Criteria (10)

SystemMap (2) Personas (9) ○

Scenarios (12)

Colour dots indicate groups of cards that are similar.

According to the criteria presented in the preceding paragraph, the two toolkits identified as

most acceptable for end-user developerswere IoTDesignKit andTiles IoTToolkit. We compare

their characteristics inTable 3.3, Table 3.4, Table 3.5 andTable 3.6. Both kits provide distinct

approaches, but they are different in several ways. The IoTDesignKit offers extensive canvases

and cards that help users define their projects comprehensively, though the cards providedmay

not always fit the specific needs of non-experts. On the other hand, theTiles IoTToolkit uses a

single board and amore streamlined approach, offering a seven-stepmethodology that guides

users through the creation of an IoT project.

In Table 3.7, themethodologies of these two kits are ranked according to their relevance for non-

expert developers. Although both kits contribute significantly to supporting problemdefinition

and ideation, neither offers a comprehensive solution for realising functional IoT projects, thus

leaving a gap in fully supporting end-user developers from ideation to implementation.

In conclusion, while the IoT Design Kit and Tiles IoT Toolkit present valuable components

for ideation and conceptualisation, their lack of guidance formoving from concept to practical

implementation limits their usefulness for non-expert developers.

3.2.3 | Identified Gaps and Challenges

Despite the availability of a variety of toolkits designed to aid in IoT development, significant

gaps remain, particularlywhen it comes to helping non-expert developers transition from initial

ideation to the creation of functional prototypes. This subsection aims to explore these gaps in

greaterdetail by identifyingandanalysing theprimaryobstaclesnon-expert developers encounter.

Thesechallenges includenotonly the inherent technical complexityof IoTsystemsbutalso issues

related to usability, which can hinder effective interactionwith development tools. Additionally,
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Table3.4: Person andPersonas cards enumeration.

similarity IoT Design Kit | Person Tiles IoT Kit | Personas

wildcard Custom Persona

Child Child

Me Yourself

Senior Elderly

Cousin Construction worker

Coworker Disabled

Doctor Emergency worker

Friend Refugee

Parent Tourist

Police officer

Uncle

Youngster

the learning associatedwithmastering IoT technologies further complicates the process,making

it difficult for non-experts to bring their ideas to life in a tangible and functional form.

While the comparative analysis in Subsection 3.2.2: ComparativeAnalysis of Toolkits demon-

strated the strengths of the IoTDesignKit andTiles IoTToolkit in terms of ideation and problem

scoping, both toolkits fall short in supportingnon-experts through the entire IoTdevelopment life-

cycle. Neither kit adequately addresses the technical challenges that arise during the realisation

phase, such as integrating hardware and software components or debugging IoT systems.

Various development techniques, such asExplanatoryDebugging andVisual Programming, have

been proposed to support the development process. However, recent studies do not convincingly

demonstrate that these techniques successfully bridge the gap between ideation and realisation

for non-expert users. In their opinion paper,M.Burnett andKulesza [22] discuss explanatory

debugging as a conceptualmethod to assistwith customising IoT systems, though theirwork

lacks empirical results or formal evaluations. Consequently, user studies in this domain remain

incomplete. Additionally, research on visual programming for IoThas shown that, while itmay

simplifycertainaspectsofdevelopment, itoftenfails tooffersubstantialbenefitsformorecomplex

tasks, such as integrating sensors [147, 160].

Another key challenge lies in the lack of sufficient guidance for non-expert developers during

the troubleshooting phase of IoT development. Tools like the RapIoT toolkit, introduced by F.

Gianni et al. [82], attempt to address this issue, but participants in relatedworkshops reported

difficulties in understanding JavaScript syntax, and no proven solutionwas found.
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Table3.5: Objects andThings cards enumeration.

similarity IoT Design Kit | Object Tiles IoT Kit | Things*

Bike Bike

Car Car

Clothing Clothing

Furniture Furniture

Pen Pen or pencil

Wallet Wallet

wildcard wildcard

Bottle Bench

Dumbbell Boat

Building

Camera

Coffee cup

Eyewear

Headgear

Jewelry

Keychain

Luggage

Medication

Office desk

Pets

Piggy bank

Plant

Public bin

Public transport

Refrigerator

Shoe

Shower

Sport equipment

Stove

Street

* Cards on this table are collected from different versions of the Tiles IoT Kit.

In summary, while significant progress has beenmade in developing tools andmethodologies to

support IoTdevelopment, several gaps remain inhelpingnon-expert developers realise functional

projects. These gaps are particularly evident in the prototyping and troubleshooting phases,

where the current tools fail to provide sufficient support for integrating diverse components

and resolving technical issues. Further innovation is needed to develop solutions that guide

non-experts through the entire IoT development lifecycle, from ideation to implementation.

3.3 | Summary

This chapter has provided a detailed review of the literature and practical toolkits that offer

supportmechanisms for end-user developersworking on IoT projects. Wehave addressed the

guiding questions posed at the outset by examining theoretical frameworks, practical toolkits,

and the challenges facedat various stagesof the IoTdevelopmentprocess. The followingsections

synthesise these insights, highlighting thecontributionsandgaps identified through theanalysis.
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Table3.6: Boards/Canvases enumeration.

IoT Design Kit Tiles IoT Kit

Intro Select a persona and scenario

Expectations Refine the mission

Frame Idea Select objects central to the user

Frame Problem Define triggering actions

Frame Product Define feedback

Frame Tech Flesh out the idea in a storyboard

Understand Journey Reflect and improve

Understand Lifecycle

Understand Tech

Opportunity Mapping

Stress Test

Not relevant Might be relevant Relevant

Table3.7: Boards/Canvases comparison.

Criteria IoT Design Kit Tiles IoT Kit

High level definition Canvases to frame the

problem, the idea and the

stakeholders

Comprehensive board with

scenarios, missions, objects,

triggers, feedback

Technical definition Assumes pre-existing

knowledge on technology

Includes cards with sensors

and services

Realisation Not supported Not supported

Not at all Poor Fair Good Very good

At the beginning of this chapter, three key questions guided our review:

Question 1 | What kinds of support have been discussed and developed for end-user devel-

opers, generally andwithin the context of IoT?

Question2 | Whatspecific typesofsupporthavebeencreated for IoTdevelopment, andhow

do these alignwith different stages of the creation process, such as ideation,

prototyping, testing, andmaintenance?

Question3 | Where do the gaps exist in the current support systems for IoT development,

particularly regarding their effectiveness for non-expert developers?

Support for IoT End-User Developers

Thereviewhashighlightedthegrowingbodyof literatureaimedatsupportingend-userdevelopers

in IoT, but it also underscores several critical gaps. Theoretical frameworks such asEnd-User

Development (EUD) [23, 143], Meta-Design [73], and Semiotic Engineering [49, 71] provide

the conceptual foundations for non-expert engagement in IoT development. However, practical

implementations of these frameworks tailored to IoT are still limited. Although toolkits like the

Tiles IoTToolkit and IoTDesignKit showpromise, especially in the ideation phase, they do not
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offer sufficient guidance for the realisation of fully functional IoT projects. The gap between

ideation and implementation remains a significant challenge for non-expert developers.

Development Stages and Support

Various toolkits andmethodologies exist to support different stages of IoT development, partic-

ularly in the early stages. For example, ideation is well-supported by tangible toolkits such as

cards, boards, and tokens that help non-experts brainstormand define IoT solutions. TheTiles

IoTToolkit [83, 120, 128] and IoTDesignKit [47, 48] are particularly effective during this phase.

However, as F.Gianni et al. [81] andF.V.Gianni [83] noted, non-expert developers face significant

difficulties in transitioning from ideation to prototyping, which highlights a critical gap in the

literature.

As discussed in Subsection 3.1.3: IoT Development Process, the prototyping phase presents

several challenges for non-experts, who often lack the technical knowledge required to integrate

hardware, software, and networking components effectively. Furthermore, the literature offers

limited support for the later stages of IoT development, such asmaintenance and ongoing tailor-

ing, which are crucial for long-termproject success. Current tools tend to focus on ideation and

early development but do not cover the entire IoT project lifecycle.

Gaps in IoT Support

This review has identified several critical gaps in the support systems available for IoT devel-

opment, particularly in relation to non-expert developers. While there are numerous toolkits

designed to assist in the ideation and early development stages, such as theTiles IoTToolkit and

IoTDesignKit, few tools provide comprehensive guidance throughout the entire development

lifecycle. The prototyping andmaintenance phases, in particular, are under-supported. Addition-

ally, Booth [19]’s research on troubleshooting highlights the need formore robust and long-term

supportmechanisms, which are currently lacking in the literature.

Empirical studies involving non-expert developers are also scarce,making it difficult to evaluate

the effectiveness of the existing tools and frameworks. Further research is needed to involve

non-experts in testing and validating these support systems, ensuring they address the unique

challenges faced by this user group.

Concluding Remarks

Insummary, this literaturereviewhasrevealedagrowingbut incompletebodyof researchaimedat

supporting non-expert developers in IoT.While existing frameworks and toolkits provide a strong

foundation, they fail to address the full spectrumof challenges associatedwith IoT development,

particularly in the transition from ideation to implementation and ongoing projectmaintenance.

The findings from this review highlight the need formore comprehensive, user-friendly tools and

methodologies that can guide non-experts throughout the entire lifecycle of IoT development.

These insights lay the foundation for the subsequent chapters of this thesis,wherewewill explore
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novel solutions toaddress the identifiedgaps. Thenext chapterwill presenta casestudy involving

an end-user developer, whichwill provide further insights into the practical challenges faced by

non-experts and opportunities for developingmore effective support systems.
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Chapter 4

Observing an End-User Developer

A Longitudinal User Study

“Whendanger approaches, Sting glows blue,

anticipating its ownneed and use.

It is a trustyweapon, an infallible

warning system, a handsome object,

and a fantastic companion—for a hobbit.

—DavidRose

EnchantedObjects [151]

UNDERSTANDING THE SPECIFIC CHALLENGES faced by end-user developers in creating bespoke IoT

projects is crucial for improving the accessibility of IoT technologies. This chapter addresses the

first ResearchQuestion posed in Chapter 1:

RQ1 |What barriers do end-user developers face in creating bespoke IoT projects?

InChapter2,weexplainedthat thecomponentsneededtocreateacustomIoTprojectareavailable

and affordable. We hypothesize that, while a non-expert can technically undertake such a project,

the number and complexity of challenges they face make completing the project exceedingly

difficult.

To addressRQ1, we conducted a long-termobservation over severalmonths in 2017 and 2018,

tracking an end-user developer as they created an IoT project. The objectives of this research

were:

1. Understandthe timeframerequiredtobringacustomIoTproject toanacceptable functional

state,

2. Comprehend the different phases that a non-expertmust navigate to complete their plan,

and

3. Identify obstacles that could stop or delay the project’s progress.
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Figure4.1: MoodSqueezer: squeeze box and digital floor display

Reproduced fromSarahGallacher, https://sarahgallacher.com/.

The rest of this chapter is organised as follows: Section 4.1: StudyDesign presents the planning

phase of our user study, including a preliminary studywith the researcher as the sole participant.

Section 4.2: StudyMethod explains themethodology employed in the user study. Section 4.3:

Analysis provides an in-depth analysis of the data gathered during the study. Section 4.4: Discus-

sion explores the insights derived from the analysis. Finally, Section 4.5: Summary summarises

this chapter’smain findings and their implications for the subsequent user studies.

4.1 | Study Design

This section provides an overview of the approach taken to explore hownon-experts can develop

bespoke Internet of Things (IoT) projects. By examining both the planning and execution phases

of a project, we highlight the practical considerations andmethodological strategies employed.

The study, as it is presented in this chapter, is divided into two stages: thePreliminary Study, an

initial proof of concept conducted by a researcher (P1), and theMainStudy, where an end-user

developer (P2) builds upon the initial stage. This dual-stage process seeks to identify key factors

that enable non-experts to effectively utilise IoT technologies, contributing valuable insights to

the broader objectives of this thesis.

Our inspiration for this study came from theMoodSqueezer project byGallacher et al. [77]. In

that project, a group of people can indicate their currentmood via the Squeeze Box (Figure 4.1

(left)), while an aggregation of their inputs is shownas afloor light installation (Figure 4.1 (right)).

The Mood Squeezer utilises a group of technologies that can be considered IoT. In previous

research, we have noted that “IoT are hardware/software systems that are embedded in everyday

objects, communicating via the Internet” [78]. However, Gallacher et al. do not explicitlymention

the use of the Internet or the Internet of Things (IoT); their study could have been conducted

using a Local AreaNetwork (LAN).

This research examines the barriers non-expert end-user developers facewhen creating bespoke

IoT projects, including technical challenges, unintuitive tools, insufficient resources, and gaps in

programming and systemassembly knowledge.
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Figure4.2: Preliminarystudy. Circuitdiagramusedastheblueprint forconstructing

the device shown in Figure 4.3.

Figure 4.3: Preliminary study. Exterior: cardboard boxwithRugby stress ball (left).

Interior: Arduino MKR1000, FSR sensor, and LED (right), built according to the

circuit diagram in Figure 4.2.

Thefindings aim to identify these challenges andprovide insights into how they hinder the ability

of non-experts to independently construct IoT solutions. By understanding these obstacles,

the research seeks to uncover critical areaswhere supportmechanisms and resources aremost

needed to enable successful IoT project development for end users.

4.2 | Study Method

This section outlines the specific techniques and procedures used to conduct our research. It

details the stages of the study, the participants involved, and the data collectionmethods em-

ployed. By providing an overview of the studymethod, we aim to outline the steps taken to gather

insights into hownon-experts can develop bespoke IoT projects, thereby ensuring the clarity and

reliability of our findings.
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4.2.1 | Preliminary Study

The preliminary study aimed to assess commercial off-the-shelf technology for themain study,

verifying the basic data flowand key components as starting points. This involved identifying,

comparing, estimating, selecting, purchasing, and assembling parts into a proof-of-concept pilot

project. Given our hypothesis that creating a bespoke IoT solution was too complex for a non-

technical user, the preliminary study acted as a safety net, ensuring that the selected technology

could support themain study’s development. P1 conducted this study part-time in his office over

fourmonths, fromAugust toNovember 2017.

Considering theMoodSqueezer [77], we identified the following components and data flow for

the project: a) Sensors that react to changes in the environment (e.g., the pressure applied to a

stress ball); b) AWi-Fi-capablemicrocontroller that converts the sensor readings into digital data

and transmits it to a cloud-based database; c) A cloud-based database that stores and processes

the generated data; d) An actuator that transforms the digital data into something perceivable by

the senses (e.g., coloured lights).

These components and data flowwere comparedwith the diagrampresented in Figure 2.1, where

we considered three distinctive areas: Sensing,Processing, andActuating. We examined these

areas to produce the prototype of an IoT project, aiming to identify suitable sensors, a compatible

microcontroller, a cloud-based database, and open-accessApplication Programming Interfaces

(APIs) to facilitate seamless data flowbetween the system components.

– Sensing

Apressure sensor (ForceSensitiveResistor, FSR) inside a red stress ball fromUniversitymer-

chandisewas used for data input instead of buttons. AnArduinoMKR1000withWi-Fi and

battery powerwas chosen for its versatility and housed in a cardboard box (Figure 4.3). The

Arduinowas programmed in C++ using theArduino IDE, similar to theMoodSqueezer [77].

– Processing

Firebasewas chosen for cloud processing and storage due to its clear documentation, sim-

pleAPI, examples, and user-friendly interface. After setup, the capturingmodulewas pro-

grammed in JavaScript to upload data. An LEDon the box indicatedwhen datawas sent.

– Actuating

During the preliminary study, visualisation was simulated through a basic web interface

displaying records appearing in the database.

By the end of the preliminary study, we successfully tested force-sensitive resistors (FSR), the

ArduinoMKR1000microcontroller withWi-Fi connectivity, and the Firebase cloud database

with an understandable API. The detailed circuit configuration is illustrated in Figure 4.2. These

components served as the building blocks for the second stage of the study, presented in the

following subsection.
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ThePreliminary Study helped us understand the complexities of assembling an IoT project, veri-

fying that building the projectwas indeed possible, thus ensuring thatwewere not sending the

participant in theMainStudy to a dead end.

4.2.2 | Main Study

The second stage of our case study involved developing a bespoke project based on the proof of

concept conducted by a researcher (P1), as presented previously. We named this projectTheMood

SqueezeConverter, as it converts physical energy—pressing a stress ball—into light by turning on

and changing the colour and intensity of an LEDstrip.

In this phase, the IoT application to develop included all the parts identified in the data flow

diagram shown inChapter 1: Sensing user interactions,Processing data locally and in the cloud,

andActuating through LED lights (Figure 2.1).

The objectives of theMainStudywere as follows:

– To understand the time frame required to achieve an acceptable functional state for the

project.

– To comprehend the different phases a usermust go through to complete it.

– To identify obstacles that could hinder the project’s progress.

The user was taskedwith developing a functional prototype using a set of requirements and a

list of technological componentswithin a reasonable time frame. To facilitate this process, we

provided a consolidated group of components, including hardware, software, the outcome of the

first stage, and a collection of educationalmaterial.

Thesewere the resources that Participant P2 could use to start developing a custom-made solu-

tion:

a) a list of hardware to be used (sensors andmicrocontroller),

b) anArduino StarterKit (anArduinoUno board, a selection of themost common electronic

components, and a bookwith 15 simple projects to get familiar with the creation of circuits

and the use of theArduino developing environment (IDE)),

c) a circuit diagramof the setup used in the preliminary study (Figure 4.2),

d) a stipulated database (Firebase), including a link to the FirebaseWebCodelab tutorial 1.

4.2.3 | Interviews

After completing themain study, we interviewed the participant (P2) using a semi-structured

format and following the guiding questions presented inAppendixC. To provide a contrasting

perspective, we subsequently interviewed aComputer Science postgraduate studentwho had

been working on a bespoke IoT project. At the outset of their respective projects, P2 and the

1https://codelabs.developers.google.com/codelabs/firebase-web/index.html
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postgraduate student self-identified on a five-step scale, ranging fromnon-expert to expert, with

P2 identifying as a non-expert (level 1) and the postgraduate student as intermediate (level 3).

The interviewswere conductedwith the following objectives:

1. To assess the developers’ self-perception of expertise in IoT and determine if it evolved

throughout the project.

We hypothesise that engaging in a project enhances expertise, even in incremental ways.

2. To identify the obstacles non-expert developers encounteredwhile creating a custom-made

IoT project.

Addressing these challenges is essential for answering the broader thesis question: Is IoT

accessible to everyone, or is it a fallacy?

3. To evaluatewhether developers can recognise how they identified and resolved issues.

Understanding their problem-solving processeswill inform the development of better sup-

port systems for non-experts creating custom IoT solutions.

4. To clarify gaps in the observational data collected during the development process.

This objective specifically applies to the non-expert developer in our case study. The inter-

views aimed to address areas thatmay not have been fully captured through othermethods

of data collection, providing a deeper understanding of the development process.

4.2.4 | Participants

The preliminary study, conducted in our lab by the principal researcher, aimed to build a proof of

concept and verify the project’s feasibility. Themain study then focused on understanding the

support needed by end-user developers, particularly thosewith limited expertise. Finally, a set of

interviewswas conductedwith P2, another postgraduate student in Computer Science, and the

supervisor of the latter.

For the main study, participant P2 was selected based on availability and alignment with the

study’s aims, rather than through a predefined sampling criterion. As a student in theMaster of

ComputerGraphicDesign programme, P2 had basic programming experience but no prior expo-

sure to electronics or physical computing. This level of expertisewas inferred through ongoing

supervisory interaction and direct observation, rather than formal testing. P2was not chosen for

technical skill, but for their demonstrated resilience in tackling unfamiliar challenges. Theywere

providedwith the appropriate technology and basic instructions as outlined in thematerials list.

Given the size and context of the research environment, recruitment optionswere necessarily

pragmatic. Throughout the research, P2’s technical capability and confidence demonstrably

evolved. Although no formal pre- or post-test was employed, this development was evident in

the digital diary, which captured increasing levels of autonomy, experimentation, and reflection.

This naturalisticmode of assessment alignswith the exploratory, design-led nature of the study

and its broader aim of understanding hownon-expert developers navigate and appropriate IoT

technologies over time.
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This extended, single-participant study served as amapping-the-territory exercise—a founda-

tional inquiry into how a non-expertmight navigate the creation of an Internet-connected device

fromfirst principles. At its outset, nofixed timelinewasestablished; instead, theproject unfolded

pragmatically as P2 encountered andworked through a series of real-world challenges related to

IoT prototyping. The study took placewithin the context of establishing an IoT laboratory in the

School of Computing andMathematical Sciences. At the time, P2was completing aMaster’s

degree, unrelated to the present research topic. Although external factors supported sustained

involvement,motivation fluctuated, particularly during periods of technical failure and concep-

tual uncertainty, as reflected in the participant’s diary. The experiential insights drawn from this

long-form engagement directly shaped the subsequent studies (Figure 1.1). The need to support

ideation (Chapter 5), concretisation throughmaking (Chapter 6), and troubleshooting in the face

of failure (Chapter 7) each emerged from lessons gained during P2’s iterative journey.

4.2.5 | Data Collection

The study design incorporated three distinct phases of data collection: the preliminary study, the

main study, and the post-study interviews. These phasesweremethodologically linked through

a sequential, interpretative process rather than through formal triangulation. Observations

from the preliminary studywere primarily instrumental, informing the setup of themain study

and ensuring technical feasibility. Themain study generated a substantial corpus of qualitative

material in the formof a digital diary, comprising extensive notes, embeddedmedia, and code.

Thisdiarywasanalysed throughcloseobservationandsupportedbyvisualisation techniques that

allowed patterns and recurring challenges to surface, consistentwith a design-led interpretative

approach. Interviewswere subsequently used to clarify and contextualise findings from the diary,

offering reflective insight into processes already observed. While video recordingsweremade to

supportmemory recall, theywere not formally coded or systematically analysed. Instead, they

functionedasanauxiliary aidduring interpretation. This approach reflectsadesign logic inwhich

each phase of data collection feeds into and refines the next, supporting a situated understanding

of end-user development practices.

Data Collection Procedures: Preliminary Study

The preliminary studywas documented through digital notes and a video recording of a demon-

stration showcasing the functioning prototype (see Figure 4.3). The code developed during this

phasewas saved and provided to Participant P2 as a reference and starting point for themain

study.

Data Collection Procedures: Main Study

The data collection during the Main Study, spanning from October 2017 to September 2018,

involved Participant P2’s part-time engagement in the second stage of the case study. Data

was gathered through two primarymethods: the development of theMood Squeeze Converter

prototype and themaintenance of an extensive digital diary. TheMoodSqueezeConverterwas

constructed as three Internet-connected input devices (Figure 4.5) using anArduinoMKR1000

microcontroller, with data stored in a cloud database andLED lights controlled via anAPI. P2
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Figure4.4: The first page of the digital diary, initiated on 20October 2017.
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Figure4.5: One of the final input devices.

documented the process thoroughly in a digital diary, capturing successes and failures through

231 pages of notes, code, and multimedia elements. These records provide a comprehensive

dataset, analysed in the following sections.

P2 approached the development task as an open-ended design challenge rather than a rigidly

structured exercise. While a predefined set of components, tools, and instructional resources

was provided—including a reference circuit diagramand access to the code from the preliminary

study—P2was explicitly encouraged to experiment and adapt the materials as needed. This

pragmatic framing enabled autonomy,with the task treated as a situated problem to be explored

rather than executed. Accordingly, P2modified and extended both the hardware and software

components of the system, notably commissioning a custom-printed circuit board (PCB) from an

overseas supplier to enhance system robustness.

The study further revealed emergent behaviours indicative of the social dimensions of end-user

development. P2 sought assistance from individuals beyond the formal research context, in-

formally assembling amentorship network. This reflects known dynamics in peer-supported

and distributed learning environments. However, such interactions also introduced risk: in one

instance,misguided advice froma presumed expert resulted in the damage of amicrocontroller.

Theseoccurrenceshighlightboth theaffordancesandvulnerabilitiesofsociallymediated learning

among non-expert developers navigating bespoke IoT projects.

Data Collection Procedures: Interviews

The interviews were conducted as semi-structured sessions, following the guiding questions

presented inAppendix C: Semi-structured Interviews. Two interviewswere conductedwith P2,

alongwith one interviewwith the postgraduateComputer Science studentwhohad beenworking

on a bespoke IoT project. All interviewswere recorded on video for further analysis.

The interviewdatawere analysed using an inductive approach, with themes emerging through

repeated engagementwith the transcripts. Analysiswas undertaken following a design approach

rather thanwith a formal coding frameworkmore typical ofHCI or social science. The transcripts

weremanually reviewed to identify patterns and points of thematic convergence. This approach
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Figure4.6: ArduinoMKR1000microcontrollerused in thecasestudy (top). Internal

view showing themicrocontroller connected to a customPCBand a vibrationmotor

(bottom).

Figure4.7: Actuator: LIFXZLEDstrip lights.

alignswith the principles of inductive thematic analysis, adapted here through a designer’smode

of inquiry that privileges close reading and emergent interpretation. To support sensemaking,

visualisation techniques such as word clouds were employed, facilitating pattern recognition

through spatial and graphical representations.

Althoughno formal inter-rater reliability checksor software-assisted coding toolswereapplied, in-

terimfindingswerediscussedwithinsupervisorymeetings. Thesesessionsservedasan informal

triangulationmechanism, supporting the refinement of interpretations. We recognise that this

analytic process constitutes an exploratory entry point into qualitativeHCI research, reflecting a

transition froma design-orientedmethodology towardsmore structured interpretative practice.
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4.2.6 | Ethical Considerations

The study received ethical approval from the School of Computing andMathematical Sciences

(SMCS) Ethics Committee at theUniversity ofWaikato. The approval letter is included in Ap-

pendixA. All participantswere informed of the study’s aims and procedures and provided their

consentbeforeparticipating. Thisapplies toall formsofdata collection, including interviews, digi-

taldiaries, andvideorecordings. Nospecificethical concernswere identifiedregardingparticipant

vulnerability or data sensitivity.

4.3 | Analysis

This section is dedicated to interpreting the data gathered during our study. It is structured into

three subsections: Analysis of the Diary, Analysis of Phases, and Analysis of the Interviews.

Through these subsections, we thoroughly evaluate the participants’ activities, stages, and re-

flections, aiming to uncover critical insights into developing bespoke IoT projects by non-experts.

4.3.1 | Analysis of the Diary

WepresentananalysisofparticipantP2’sdigitaldiary tounderstandthetimerequiredtoachievea

functional project state, thephasesausermustnavigate, andobstacles thatmay impedeprogress.

Returning to our initial hypothesis, we aim to confirm that despite accessible, affordable com-

ponents, assembling them into a functional system remains too complex for a non-technical

user.

Preparing the Data Corpus

Before analysing thediary,wepre-processed the content to create a clean text versionby removing

photographs, screenshots, diagrams, 3D images, URLs, and code. The text was organised by

project days (PDs) and stored in aMySQLdatabase for easy querying. We then extracted a text

filewith one line per project day for analysis usingNLP tools like spaCy2 andTextacy3.

spaCy is an open-source Python library for advanced NLP, supporting tokenization, tagging,

parsing, and named entity recognition (NER). In contrast,Textacy, built on spaCy, handles tasks

like stemming and lemmatisation. Using these tools, we created aDoc for each project day, with

metadata indicating the project day (PD). TheseDocswere then compiled into aTextacy corpus,

allowing for efficient processingand taggingwith specific terms (e.g., ‘squeezyball’) using spaCy’s

rule-basedmatching4.

Analysing the Corpus

Transforming the diary into a corpus revealed that over 343 days (from20October 2017 to 28

September2018), P2 recordedactivitieson157non-consecutivedays. Of these, 148areconsidered

2https://spacy.io

3https://chartbeat-labs.github.io/textacy/

4https://spacy.io/usage/rule-based-matching#entityruler
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Figure4.8: spaCy’s pipeline: from text toDoc.

Reproduced from spaCy, https://spacy.io.

Figure4.9: Process used to transform the digital diary created inGoogleDocs to a

spaCy corpus.

‘project days’with relevant diary entries. The concept of 148ProjectDays is central to the corpus

analysis, which employed various visualisation techniques, includingWordClouds, as detailed in

the following subsections.

Visualising the corpus

After preparing the corpus, we generated visual representations of the text for various project

days. These visualisations, including verbosity levels andword clouds for individual days and

categories, revealedpatterns thathelped identifydifferentproject phases related to specific topics.

Basic Statistics and Verbosity

The initial analysis of the corpuswithTextacy revealed 148Docs (one per PD), 3,165 sentences,

and 46,048 tokens. UsingTextacy’s TextStats, we calculated the number of sentences andwords

per Doc. We visualised this data in a bar chart to show verbosity levels throughout the project

(Figure 4.10).

Word Clouds per Day and by Category

To visualise termusage across different days and project areas, we usedword clouds, where term

frequency determines the size or colour ofwords, revealing patterns. Textacywas employed to

generateword clouds for each Project Day (Figure 4.11), including creating bag-of-terms, lemma-

tisation, removing stopwords, using unigrams, bigrams, and trigrams.

While reviewingthesewordclouds,we identifiedtheneedtorefineouranalysisbycategorisingthe

content to focus on specific project areas andmore accurately identify relevant keywords. Some

concepts, likeArduino project, were clear, while others, like complete project, were ambiguous.

Categorisation allowed formore precise insights.

Initially, we categorised sections based on the data flowdiagram (Figure 2.1), such as interacting

(sensors,microcontroller), processing (database), and visualising (lights). Further analysis added

categories like box (enclosure), electronics (internal components), hardware (assembly elements),

and broader categories like software, protocols, and learning (Table 4.1 andTable 4.2).
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Figure4.10: Word count per PD, illustrating verbosity levels throughout the project.

Toensure consistency,weused lemmas—the base forms ofwords—as keywords. APython script

compared stems to tokens in the corpus, generating these lemmas. EachDoc in the corpuswas

evaluated against the keyword lists, resulting in category-specificword clouds for the 344 project

days. The output included word clouds, blank images, “x” for non-project days, or circles for

weekends (Figure 4.12), whichwere then stitched together to create strips of word clouds for each

category (Figure 4.13).

This approach, akin to zooming in with amicroscope, revealed that breaking down content by

categorieswas crucial for a deeper understanding of the project phases.
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Table 4.1: Table of categories.

Data Flow Observation Generic

sensors box software

microcontroller electronics protocols

database hardware learning

lights

Table 4.2: Keywords for theBox category.

Box

3D epoxy squeeze

ball epoxying squeezing

box glue squeezy

epoxy lid

Problems and Solutions

While theword cloud visualisation provides a topical overview over time, some sentenceswere

misclassifiedas false positives. For instance, onPD37, the keyword “box”waswrongly categorised

under the physical project box, though it referred to a computer dialogue box:

The newnetwork device (or whatever that dialog box says) should pop up.

Whenever theMKR1000 is plugged, the computer produces a dialog box that says there is

a newnetwork available.

Similarmisclassifications appeared in the lights and electronics categories, where keywords like

light, red, green, and thingwerewrongly linked to unrelated elements.

To address this, we added a filtering process to the script generating theword clouds, allowing it

to skip sentences identified as false positives or belonging to different categories. An interactive

Python script further aids in identifying and excludingmisclassified sentences, storing them in a

category-specific dictionary for accurate analysis.

Verifying Analysis with Entity Visualisation

The analysis of the word cloud strips for different categories was supported by spaCy’s entity

visualiser, which highlights named entities and labels in the text. This process allowed us to

verify whether the content in theWordClouds for the 148 project days accuratelymatched the cor-

responding categories or included false positives. Through iterative evaluation and comparison

with the entity visualisations, wewere able to confirm the consistency of the categorisation and

identify any discrepancies.

Summary

The diary analysismethodology involvedmultiple iterative processes, recognising the need to

slice thematerial foreffectiveanalysis. While theuseofNLPtools, parsing techniques, andvisual-

isation instrumentsproveduseful andcouldbe furtherdeveloped foranalysing largeunstructured

texts in other contexts, expanding thismethodology is beyond the scope of this thesis.

4.3.2 | Analysis of Phases

This section presents the analysis results outlined in Subsection 4.3.1. Our case study aims to

understand the time frame needed to bring the project to an acceptable state, identify the phases

a usermust navigate, and pinpoint obstacles that could hinder progress. The results enhance our
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Figure4.11: Wordclouds per day for PD 1 to 5

Figure 4.12: Potential word cloud outputs include a PDwithout data, a PDwith

data, a daywithout a diary entry, or aweekend.

Figure4.13: Database category segment of the strip, showingProject Days 81–83.

understanding of the process a non-expert user undergoes to complete a simple IoT project and

provide valuable insights to verify our hypothesis: the complications of assembling an IoT project

are too significant for a non-expert to accomplish.

Through the diary analysis, we identified fifteen distinct phases, which occurred over three sepa-

rate periods due to external circumstances like university holidays. Diagrams and visualisations,

such as those in Figure 4.14, Figure 4.15, and Figure 4.16, were employed to gain a deeper under-

standing of the complex processes followed by our participant.

The following list outlines the fifteen identified phases, divided into three periods based on time:
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Figure4.14: Initial Period: PD1 to PD40.

PD1–PD40, PD41–PD95, andPD96–PD148. However, when viewed conceptually, these phases

can be grouped into three segments: the initial steps (Phases 1–3), the expansion and creation of

components (Phases 4–9), and thefinal stages (Phases 10–15). While these conceptual segments

do not strictly alignwith the temporal divisions, key eventswithin the time periods often trigger

the transition between segments.

– Initial Period: PD1 to PD40 (Figure 4.14)

Phase 1 – Learning
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Figure4.15: Middle Period: PD41 to PD95.

Phase 2 –Connecting

Phase 3 –CreatingVisual Feedback

Phase 4 –Workingwith Sensors andMicrocontrollers

Phase 5 –Subscribing to Firebase

Phase 6 –Workingwith LEDLights

– MiddlePeriod: PD41 to PD95 (Figure 4.15)
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Figure4.16: Final Period: PD96 to PD148.

Phase 7 – 3DPrinting

Phase 8 –EncounteringDB,Microcontrollers, and Light Problems

Phase 9 –More 3DPrinting

Phase 10 –PuttingElectronics into theBox

– Final Period: PD96 to PD148 (Figure 4.16)

Phase 11 – Creating aCustomPCB
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Phase 12 – Seeking Stability

Phase 13 –Using Firebase Functions

Phase 14 –CreatingHaptic Feedback

Phase 15 –BuildingMore Input Boxes

Phase 1 – Learning

In the project’s early days, our participant focused on learninghow the initial componentsworked,

startingwith the inputdevice and thedatabase. They receivedanArduinokitwithfifteen tutorials

anda link to thefirstFirebase tutorial (FriendlyChat). While the tutorialswerenotdirectly related

to P2’s project, they provided a solid foundation for thework ahead.

The diary shows that P2 spent nine days (PD1 to PD9) on thesematerials, totalling 29 hours and

30minutes (an average of 3 hours and 17minutes per day). By PD9, the participant noted that

they had completed theArduino andFirebase tutorials. Diary excerpts illustrating these points

are provided inAppendixB: Phase 1 – Learning.

Phase 2 – Connecting

The second phase focused on connecting themicrocontroller to the cloud database. This phase

began when the participant received an Arduino MKR1000, a board withWi-Fi connectivity,

recommended for thosewithminimal networking experience. AlthoughP2 completedArduino

andFirebase tutorials in the previous phase, none covered integrating these technologies, leading

to the first set of challenges.

According to the diary, this phase spanned fromPD10 to PD14, with P2working 16 hours and 30

minutes (an average of 3 hours and 18minutes daily). Excerpts demonstrating these insights can

be found inAppendixB: Phase 2 –Connecting.

Phase 3 – Creating Visual Feedback

Between PD15 and PD22, our participant focused on creating visual feedback as an initial ap-

proach to actuating (Figure 2.1), marking the project’s third phase. P2 began by blinking the

onboard LEDof theArduinoUno and then created awebsite to visualise database records in real-

time. However, using simple actuatorswas later abandoned in favour ofmore visually striking

options like smart LED light strips.

During this phase (PD15-PD22), P2worked for 30 hours (an average of 3 hours and 45minutes

daily). Supporting diary excerpts are documented in Appendix B: Phase 3 – Creating Visual

Feedback.

Phase 4 – Working with Sensors and Microcontrollers

OnPD23, our participant began connecting the force-sensitive resistors (FSRs) to theArduino

MKR1000,marking the start of a newproject phase that spanned the first 40 project days and

extended into the second part after the summer break. Unlike the earlier phases, this and subse-

quent ones often overlapped and progressed in parallel.

In the first part of this phase (PD23 toPD25), P2worked for 12 hours and 30minutes (an average

of 4 hours and 10minutes per day). The secondpart (PD46 toPD72) ran concurrentlywith phases
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6 and 7, during which P2 worked for 148 hours and 48minutes (an average of 5 hours and 31

minutes per day). Estimating that about a third of this time was dedicated to this phase, we

conclude that 49 hours and 36minutes were spent, totalling 62 hours and 6minutes for this

phase. Diary notes exemplifying this process are detailed inAppendix B: Phase 4 –Workingwith

Sensors andMicrocontrollers.

Phase 5 – Subscribing to Firebase

OnPD26, our participant beganworking on subscribing to Firebase, aiming to build a system

that could reactwhen new rowswere recorded in the database. FromPD26 to PD37, P2 spent

44 hours and 50minutes (an average of 3 hours and 44minutes per day)working on integrating

the input devicewith the cloud database. However, during this time, theywere alsoworking on

sensors andmicrocontrollers (Phase 4) and starting on LED lights (Phase 6), so not all those

hourswere dedicated to the subscription task.

P2 experimentedwith various approaches, including using a differentmicrocontroller, the Spark-

FunESP8266Thing, due to its available Firebase library. The goal was to create a systemwhere

amicrocontroller could subscribe to Firebase and sendmessages to the actuator API. Although

P2 eventually succeeded, the solutionwas unstable and required a cumbersome process of un-

plugging and plugging the device back in, whichwas far from ideal. Illustrative diary entries are

available inAppendixB: Phase 5 –Subscribing to Firebase.

Phase 6 – Working with LED Lights

In the final days before the summer break, P2 beganworking on setting up the LED lights, which

would serve as the project’s actuating part. This development occurred in PD31 to PD46 and

PD53 to PD70.

BetweenPD31andPD46,P2spent67hoursand35minutes (anaverageof4hoursand13minutes

per day), with some of that time also dedicated to finishing Phase 5 –Subscribing to Firebase,

which ended onPD37. FromPD53 to PD70, P2worked for 97 hours and 27minutes, while also

continuing work on Phase 4 –Working with Sensors andMicrocontrollers) and Phase 7 – 3D

Printing. AsP2 becamemore immersed in the project, the phases began to overlap rather than

proceed sequentially, making it difficult to determine the exact time dedicated to each phase,

unlike Phases 1, 2, and 3. Examples from the diary are detailed inAppendixB: Phase 6 –Working

with Led Lights.

Phase 7 – 3D Printing

In early February 2018, P2 began creating a box to enclose the electronics (microcontroller and

sensors) and support the rugby stress ball. After initial discussions, it was decided that the box

would be sized to fit three balls side by side andwould be 3Dprinted using the School’s on-site

printer.

This phase spanned fromPD49 toPD72, duringwhichP2worked for 131 hours and8minutes (an

average of 5 hours and 28minutes per day). However, P2was alsoworking on Phase 4 –Working

with Sensors andMicrocontrollers and Phase 6 –Workingwith LEDLights simultaneously, so it

is unclear howmuch timewas specifically devoted to this phase. Based on the average daily work
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time and diary notes,most hourswere likely spent on the box’s creation and printing.

The 3D printing processwas iterative, involving trial and error, and took several days to produce a

usable object due to the slowprintingspeed. Although3Dprinting is knownas “rapidprototyping”,

in this case, the processwas slower than traditionalmethods for small-scale production. The

diary excerpts shedding light on this are inAppendixB: Phase 7 – 3DPrinting.

Phase 8 – Facing DB, Microcontrollers and Light Problems

At this point in the development, P2 had worked on all project parts. However, as the process

was not streamlined or plug-and-play, various problems arose in nearly all areas: the database,

themicrocontroller, and the LEDs. BetweenPD71 andPD96, the focus shifted to solving these

issues.

FromPD71 onward,many issues involved theESP8266microcontroller (SparkFunTheThing),

used to subscribe to Firebase (Phase 5 –Subscribing to Firebase) and connect to the LIFXAPI.

Although this approachwas eventually abandoned, P2 spent significant time troubleshooting it.

Over these 24 project days, P2worked 107 hours and 20minutes (an average of 4 hours and 8

minutes per day). This period included breaks of 10 days (TeachingRecess) and 31 days (end of

Semester A), which slowed progress. During this time, P2 focused almost entirely on problem-

solving, likely dedicatingmost of the 107 hours to this phase.

The diary reflects P2’s frustration during this phase, as isolating and resolving problemswas

challenging. However, their determination paid off, and by PD96, the systemwasworking, with

P2noting, “the beast lurches back into life.” This is supported by diary entries found inAppendixB:

Phase 8 – FacingDB,Microcontrollers and Light Problems.

Phase 9 – More 3D Printing

Beforehand, in Phase 7 – 3DPrinting, P2 developed a box to enclose all the electronics and attach

the stress rugby balls. That phase ended onPD72when the first box partswere printed. Phase 9

began onPD73 and lasted until PD78, focusing on printing additional boxes.

During these days, P2 worked for 27 and 25 minutes (an average of 3 hours and 24 minutes

daily). While the providerwas printing the boxes, P2 simultaneouslyworked on solving issues

withmicrocontrollers, the database, and LED lights (Phase 8 – FacingDB,Microcontrollers and

Light Problems). Since an external provider handled the 3Dprinting, P2 spent limited time on

this phase,mainly overseeing the process and checking progress. A fewdays later, the provider

printed all the boxes. Documentation from the diary is included inAppendixB: Phase 9 –More

3DPrinting.

Phase 10 – Putting Electronics in the Box

Once all the componentswere functioning together—though some issues remained—the priority

shifted to placing the circuit in the enclosure. This task, constituting Phase 10, spanned from

PD91 to PD101.

During this period, P2worked for 25 hours and 10minutes (an average of 2 hours and 17minutes

per day). Simultaneously, they completed Phase 8 – Facing DB, Microcontrollers and Light
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Problems, so not all timewas dedicated to enclosing the electronics. The lowerwork rate, below

theproject’saverageofnearly4hoursperday (3h54m), suggests thatP2felt fatigued, particularly

after dealingwith challenging issues in Phase 8.

As P2 assembled the circuit using a breadboard, they realised the need to reorganise it. This

led to the idea of creating a customprinted circuit board (PCB) after attempting point-to-point

wiring to fit the components in the enclosure. Diary references that illustrate this can be found in

AppendixB: Phase 10 –PuttingElectronics in theBox.

Phase 11 – Creating a Custom PCB

Afterdaysof struggling tofit thecircuit inside theenclosure,P2enlistedhelp fromS1, anelectrical

engineering undergraduate they knew froma role-playing game. Together, they developed the

idea of creating a custom-printed circuit board. Phase 11 covers PD102 to PD109.

During these 8 project days, P2worked for 24 hours and 35minutes (an average of 3 hours and 4

minutes per day), primarily focusing on this phase. The overlapwith the next phase began on

PD109. The averageworking time per daywas slightly below the project’s overall average.

This phase also introduced two key helpers: S1, the electrical engineering student, and S2, a

Research Programmer at theUniversity. Their assistancewas invaluable in getting the system

to a functioning state. Evidence from the diary is presented inAppendix B: Phase 11 – Creating a

CustomPCB.

Phase 12 – Seeking Stability

At this project stage, everythingwas in place, but the systemwas still unstable, andP2 focused

on refining details to achieve consistent functionality.

This phase spanned PD109 to PD126, during which P2 worked 61 hours and 50 minutes (an

average of 3 hours and 26minutes per day). Although therewas a slight overlapwith the next

phase,most of the time during these project dayswas dedicated to this phase. The diary records

these instances inAppendixB: Phase 12 – Seeking Stability.

Phase 13 – Using Firebase Functions

At this stage of development, using a secondmicrocontroller (SparkFunTheThing) to control the

actuators (LIFXLEDstrip) had becomemore of a problem than a solution. As seen in Phase 12 –

Seeking Stability, this approachwas unstable and difficult to implement. P2 realised that return-

ing to an idea discussedmonths earlier—using Firebase functions to control the lights—might

be a better solution.

The concept of using Firebase functions first appeared in the diary onPD63 butwas not imple-

mented until much later. Distinct pointsmark this phase in time: PD63 (the first discussion),

PD118 (reviving the idea), and the period fromPD133 to PD145, when it was finally implemented.

Excluding the initialmarkers, this phase spansPD133 toPD145. During these 12 project days,

P2worked 49 hours (an average of 3 hours and 46minutes daily). Work on the final phase—com-

pleting all required input devices—also took place during this time,making it unclear how the

workwas distributed. Supporting details from the diary are located inAppendix B: Phase 13 –
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Using Firebase Functions.

Phase 14 – Creating Haptic Feedback

As the project neared completion, P2 focused on incorporating haptic feedback into the input

device. The feedback, createdwith a vibrationmotor connected to the circuit, indicateswhen a

message is sent to the database, ensuring the user knows their interactionwas successful.

The vibrationmotorwas connected using solderless JSTPA connectors. To attach themotor to

the JSTPA female connector, P2 needed to use crimps, a type of solderless electrical connection.

This process required some learning, as crimps are attached using specific tools, which can be

costly. P2 found alternative solutions and got it working.

This phase spanned 8working days, fromPD123 to PD130, duringwhich P2worked for 19 hours

and 30minutes (an average of 2 hours and 26minutes per day). Relevant diary passages are

included inAppendixB: Phase 14 –CreatingHaptic Feedback.

Phase 15 – Building More Input Devices

The project’s final phase focused on assembling the second and third input devices. Although all

components had been testedwith one functioning device, repeating the processwasnot error-free.

As a non-expert, P2 still encounteredmistakes, as noted in the diary.

This phase spanned 18 project days, duringwhich P2worked for 66 hours and 30minutes (an

average of 3 hours and 42minutes per day). Some of this time overlappedwith Phase 13 –Using

Firebase Functions. According to the diary, P2 assembled the second input device in one day

(PD131, 6 hours ofwork). While the third device likely took a similar amount of time, additional

issues extended the process.

The project concluded onPD148, with all input devices assembled and functioning. Diary notes

illustrate this point inAppendixB: Phase 15 –BuildingMore InputDevices.

Phases Summary

Thissectionoutlinedthephases involved indevelopinganIoTproject inourcasestudy,addressing

thechapter’ssecondgoal: tounderstandthephasesanon-expertdevelopermustnavigatetocomplete

an IoTproject.

In the early phases, project stageswere clearly definedwith distinct start and end points (e.g.,

Phases 1-3). However, as the project evolved and becamemore complex, P2 frequently engaged in

multiple areas simultaneously,making phase boundaries less distinct. Some topicswere also

revisited after an initial pause (e.g., Phase 13).

As mentioned earlier, the project phases can be viewed through two different lenses: a time-

based division into three periods—PD1–PD40 (Figure 4.14), PD41–PD95 (Figure 4.15), and

PD96–PD148 (Figure 4.16)—and a concept-based grouping. The latter organises the phases

into three segments: the initial steps (Phases 1–3), the expansion and creation of components

(Phases 4–9), and the final stages (Phases 10–15). While these conceptual segments do not

strictly alignwith the temporal periods, key eventswithin those periods often signal the start or

end of each segment.
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Table 4.3: Obstacles hindering IoT project progress.

Batteries Having other commitments Problems and testing

Bluetooth JavaScript Pub/Sub

C/C++ Lack of documentation Sensor location

Confusing electronics Lack of guidance Sensors and movement

Data loss Lack of methodology Signal noise

Design failure / bad planning Lack of self-confidence The lab vs the real world

Errors that cannot be solved Lack of vocabulary Too new technology

Errors with libraries Microcontrollers Understanding JSON

Errors without explanation MicroPython / Zenphyr Understanding NoSQL

Finding the root of a problem Moving from A to B thoughtfully Unexpected behaviours

From the breadboard to a real

circuit

Not having someone to ask Wi-Fi

Frustration Physical aspects

The next section expands on the diary analysiswith interviews of IoT developers.

4.3.3 | Analysis of the Interviews

Based on interviewswith participant P2 and aComputer Science postgraduate student, we iden-

tified several obstacles developers faced at different stages of their projects (Table 4.3). Drawing

onD.Norman’s concepts of declarative knowledge (“knowledge of”) and procedural knowledge

(“knowledge how”) [138], we developed amindmap categorising these obstacles into two groups.

Themindmap in Figure 4.17 illustrates the tasks an IoTdevelopermust carry out (procedural)

and the challenges outside their control (declarative). Recognising these challenges is essen-

tial for understanding the complexity of IoT projects, particularly for non-expertswhomay feel

discouraged frombeginning such projects.

By organising the hindrances, we identified seven subgroups within Procedural Knowledge.

These subgroups are examined through the lens of threshold skills, as outlined by Thomas et

al. [170]. While Thomas et al. use ‘students’ in the context of computing education, in our study,

‘individuals’ or ‘people’ are more appropriate. Unlike threshold concepts, which focus on theo-

retical understanding, threshold skills emphasise practical application,making this framework

particularly relevant to analysing non-expert IoT development.

Threshold skills possess the following characteristics:

– AreTransformative

Mastering a threshold skill transforms not onlywhat individuals can do but also how they

perceive their capabilities.

– Are Integrative

Once a threshold skill is acquired, individuals recognise its broader applicability across dif-

ferent tasks.
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Figure4.17: IoTDevelopment: DistinguishingbetweenProceduralKnowledge (how

to do) andDeclarativeKnowledge (what to know).

– AreTroublesome

These skills can be complex, demanding, and time-consuming to learn andmaintain.

– AreSemi-irreversible

Unlike threshold concepts, threshold skills degrade over time if not practised regularly.
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Figure4.18: Skills. Fromabstract to concrete.

– Must be practised

Askill, by definition, is developed andmaintained through practice and repeated exercise.

The psychology literature on skill acquisition covers several theories (e.g., ACT-R, SOAR) that

explain the development of skills. Commonalities across these theories suggest that: 1. Practice

leads tosubstantialperformance improvementsearlyon,withdiminishingreturnsaspracticecon-

tinues, typically following a power law; and 2. Task transfer is affected by the degree of similarity

between tasks [162].

Our analysis of the interviews identified several core activities that are essential for IoT devel-

opment. These activities reflect the practical challenges developersmust address and the key

skills they need to acquire. The list below outlines these activities, with specific emphasis on

understanding and applying various digital technologies:

– Acquiring technical vocabulary

– Following amethodology

– Understanding and using digital technologies, including:

– Data interchange formats (JSON)

– Mechanisms for storage and retrieval of data (noSQL)

– Application programming interfaces (APIs)

– Asynchronousmessaging systems (Pub/Sub)

– Distributed version control systems (Git)

– Setting up digital products

– Building electronic circuits

– Programming computers

– Designing andmaking objects

These skills can be organised along a spectrum fromabstract to concrete, as shown in Figure 4.18.

In the following subsections, we evaluate each skill by discussing its characteristics and typical

learning environments andmapping it in relation to threshold skills theory. This evaluation helps

determinewhether these skills qualify as threshold skills, which could offer insights into how

they should be approached or the challenges they present to end-user developers.
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Acquiring Technical Vocabulary

Mastering technical vocabulary is pivotal for IoT developers, allowing them to engage effectively

with peers and experts. This skill is transformative, as it empowers developers to tackle complex

problems by participating in key discussions. It is also integrative, enabling the application of

newly acquired terms across various tasks, such as programming and troubleshooting [176]. The

constant evolution of IoT technologymakes this process troublesome for non-experts, whomust

continuously adapt to emerging terminology.

Technical vocabulary is also semi-irreversible, requiring ongoing practice to prevent the loss

of knowledge. As such, it qualifies as a threshold skill, fundamentally altering howdevelopers

approach their work in IoT projects.

Following a Methodology

Adopting a structuredmethodology is crucial for IoTdevelopment, influencing howdevelopers

plan, design, and troubleshoot their projects. Interviewees acknowledged that a more organ-

ised approach could have greatly benefited their work. Methodologies from various fields, such

as design and engineering, bring distinct challenges when integrated into multidisciplinary

projects [80].

This practice is transformative, as it enhances developers’ ability tomanage complexity, and

integrative, withmethodologies like design thinking applicable acrossmultiple contexts [132].

Furthermore,masteringmethodologies can be troublesome, requiring significant time and ef-

fort. It is semi-irreversible, with skills fading over timewithout regular use. Given these traits,

following amethodology qualifies as a threshold skill in IoT development.

Understanding and Using Digital Technologies

Interviews highlight that IoT developers need a solid understanding of various digital technolo-

gies, including JSON, noSQL, APIs, asynchronousmessaging systems, and distributed version

control (Git). These skills are vital formanaging the complexity of IoT projects, andmany have

the potential tomeet the characteristics of threshold skills. The following sections evaluate each

technology in relation to these criteria.

Data Interchange Formats (JSON)

JSON, widely used for data exchange in IoT, is favoured for its lightweight structure and

ease of use compared toXML [182]. It enables communication between different systems,

making it an essential skill for IoT developers. Mastering JSON is transformative, allowing

developers to expand their capabilities, and integrative, with applications acrossmultiple

fields. LearningJSONcanbe troublesomedue to its complexity, particularly fornon-experts,

as seen in the need for comprehensive resources like Introduction to JavaScript object nota-

tion: A to-the-point guide to JSON [13]. Regular practice is essential tomaintain proficiency,

making JSONa clear threshold skill in IoT development.

Mechanisms for Storage and Retrieval of Data (noSQL)

NoSQL databases, crucial for handling large volumes of data in IoT, offer scalability and

adaptability [145]. Mastering noSQL is transformative, enabling developers tomanage
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complex data-driven tasks, and it is integrative, with applications ranging fromdata storage

to real-time analytics. Due to the depth of knowledge required, learning noSQL can be trou-

blesome, particularly for non-experts. Aswithmany technical skills, it is semi-irreversible

without regular practice, confirming its place as a threshold skill in IoT development.

Application Programming Interfaces (APIs)

APIs facilitate data exchange acrossmobile, cloud, and IoT environments [95]. While APIs

are important for specific tasks, they are not universally transformative, with their impact

often limited to particular services. They are integrative in specialised contexts but remain

challenging tomaster, especiallywhen dealingwith complex parameters. API knowledge is

semi-irreversible, requiringregularpractice tomaintainproficiency. Giventhese limitations,

APIs do not fully qualify as a threshold skill.

Asynchronous Messaging Systems (Pub/Sub)

Pub/Sub systems are vital for efficient communication in IoT, enabling asynchronousmes-

sagingwithout direct interaction [96]. This skill is transformative, altering howdevelopers

approach systemmanagement, and integrative, with applications across various domains.

The complexity of pub/sub systemsmakes them troublesome, and the skill requires regular

practice to avoid degradation. While pub/sub is highly valuable, it does not meet all the

criteria to be considered a full threshold skill.

Distributed Version Control Systems (Git)

Distributed version control systems likeGit are indispensable formanaging code reposito-

ries and tracking changes [27]. Git is transformative, enabling developers to collaborate

effectively, and it is integrative, with applications extending beyond software development.

The challenges ofmastering concepts like branching and conflict resolutionmakeGit trou-

blesome, and regular practice is necessary tomaintain proficiency. Despite its importance,

Git does not fullymeet the criteria of a threshold skill in IoT development.

Setting Up Digital Products

Setting up digital products, such as smart lights, is essential but does not qualify as a threshold

skill. Although it is important in specific contexts, this task is not transformative or integrative

and is largely limited to the immediate task at hand. While setup can be troublesome, requiring

time and effort, it lacks the broader impact seen in other threshold skills.

Building Electronic Circuits

Buildingelectroniccircuits is fundamental inIoTdevelopment,providingthepathwaysforcurrent

flow in devices [114]. It is transformative, expanding developers’ understanding of technological

possibilities, and somewhat integrative, though its applications are specific to certain tasks. The

process can be troublesome, requiring hands-on experience and regular practice to maintain

proficiency. As such, building electronic circuits alignswithmany characteristics of threshold

skills.
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Table 4.4: Evaluation of Threshold Skills in IoTDevelopment.
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Acquiring technical vocabulary

Following a methodology

Understanding and using digital technologies

Data interchange formats

Storage and retrieval of data

Application Programming Interfaces

Asynchronous messaging systems

Distributed version control systems

Setting up digital products

Building electronic circuits

Programming computers

Designing and making objects

Programming Computers

Programming, or coding, is a foundational skill that qualifies fully as a threshold skill. Coding

is transformative, reshaping an individual’s ability to solve problems, and highly integrative,

with applications across various fields [51]. Learning to code can be troublesome, particularly

due to its inherent complexity, and regular practice is required to prevent proficiency from fading.

Programming computers is an essential threshold skill in the digital age [98].

Designing and Making Objects

Designing andmaking physical objects is integral to IoT projects, particularly for tasks like sens-

ing and actuating. This skill is transformative, expanding what developers can achieve, and

highly integrative, with applications across various domains [69]. The process is often trou-

blesome, requiring significant time and hands-on experience, andmust bemaintained through

regular practice. Given these traits, designing andmaking objects qualifies as a threshold skill.

Threshold Skills Summary

Our analysis of skills identified in interviewswith IoT developers reveals that:

1. Themajority (6 out of 11, or 54%) fully alignwith the characteristics of threshold skills.

2. The remaining (5 out of 11, or 45%) partially align but do notmeet all the criteria.

A visual summary of this analysis is presented inTable 4.4.

This suggests that the challenges IoT developers face alignwith the threshold skills concept. As

Thomas et al. [170] argue, while threshold concepts inform theoretical understanding, threshold

skills are essential for guiding practical tasks. The process of successfully creating a bespoke
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Figure 4.19: Project timeline over 344 days, highlighting 148 active Project Days

(PD) based on diary evidence.

IoT project requires not only declarative knowledge—knowing what to do—but also procedu-

ral knowledge—knowing how to do it [138]. This dual requirement significantly increases the

complexity of the task. Mastering both types of knowledge can be particularly challenging for

end-user developers, as theymustmove beyond theoretical understanding to practical applica-

tion. In some cases, this combination of declarative and procedural knowledgemay render the

process unachievable for non-experts, especially without continuous practice and support. This

analysis shifts the focus from conceptual knowledge to the practical abilities required to execute

IoT projects successfully, highlighting the intricate balance between knowing and doing.

4.4 | Discussion

In this chapter’s introduction, we hypothesised thatwhile itmay be possible for a non-technical

user tobringan IoTproject toa functional state, the challengescouldbeoverwhelming. Toexplore

this, we presented a long-termcase study conducted over severalmonths in 2017 and2018,where

we observed an end-user developerworking through creating an IoT project.
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Figure4.20: Hours ofwork and verbosity per Project Day (PD).

The case study focused on three primary goals:

1. Understanding the time required to achieve a functional bespoke IoT solution,

2. Comprehending the phases a non-expert developermust navigate to complete the project,

and

3. Identifying obstacles that could hinder progress.

In theprevioussection,weanalysed thediary inSubsection4.3.1: Analysis of theDiary, examined

the project phases in Subsection 4.3.2: Analysis of Phases, and explored insights from interviews

with IoT developers in Subsection 4.3.3: Analysis of the Interviews. The following pageswill con-

nect these findings back to the initial goals, providing a deeper understanding of the complexities

involved in IoT project development.
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4.4.1 | Responding to Goal #1: Time Frame

Thefirstobservation fromthediary focusedonthe timeframeofP2’sproject. Theprojectspanned

344 days, from20October 2017 to 28 September 2018 (Figure 4.19). Of these, 235wereworking

days, with 148 days (62%ofworking days) actively spent on the project. Thesewere identified as

Project Days (PDs), ranging fromPD1 to PD148.

WhenP2began inOctober 2017, the project’s durationwasunknown. Wedidnot set a deadline to

avoid undue pressure, allowing P2 toworkwithout time constraints. Although a longer duration

could have been an issue for the study, thiswas not the case, and P2 completed the project within

the year.

P2 recorded dailywork hours on timesheets, providing reliable evidence of time spent. Produc-

tivity varied, with some daysmore productive than others (Figure 4.20). The timesheets show

that P2worked 587 hours and 57minutes, averaging 3 hours and 58minutes per day over 148

non-consecutive days.

The goalwas determining the time needed to bring a bespoke IoT solution to a functional state.

The study found that a non-expert took 578 hours (577 hours and 58minutes) to complete a fully

functional IoT project, working an average of 4 hours per day (3 hours and 54minutes). This

suggests that a non-expertmay abandon such a project without significantmotivation before

completion.

4.4.2 | Responding to Goal #2: Phases

To understand the phases a user must navigate to complete a bespoke IoT solution, we con-

ducted an extensive analysis of the diary, supported by various visualisations that helped identify

patterns and phases.

Theprimaryvisualisation (Figure4.14,Figure4.15andFigure4.16) isa timelineshowingdifferent

work areas. Additional diagrams (Figures 4.21, 4.22, 4.23) expand on the IoT application’s data

flow (Figure 2.1), detailing tasks required in each project area.

Organised by categories, these visual representations provided insight into the project’s phases.

Initially, the analysis used detailed visualisations, as explained in Subsection 4.3.1, before simpli-

fying it into colour-coded blocks representing ProjectDays (PDs). The x-axis shows time,while

the y-axis divides the project into four categories: the input device (electronics, sensors, hardware,

microcontroller), the database, the actuators, and the box. This approachwas crucial in identifying

fifteen distinct phases, as discussed in Subsection 4.3.2.

The study identified fifteen phases, eachwith varying complexity. Early phaseswere sequential,

but later phases overlapped and becamemore complex as the project progressed. Phases began

or ended for various reasons, such asmeetings or the arrival of components. Notably, no common

pattern emerged across the phases; some endedwithout clear reasons, while others concluded

with specific achievements.
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4.4.3 | Responding to Goal #3: Obstacles

The third goal of the case study was to identify potential obstacles that might impede project

progress. We complemented the diary analysis with interviews to gain deeper insights, speaking

to both P2 and an additional,more experienced IoT developer.

Fromthe interviews,we identified several obstacles that could impedeaproject’s progress. These

obstaclesalignwithNorman’sconceptsofdeclarativeknowledge– “knowledgeof” –andprocedural

knowledge – “knowledge how” [138]. Obstacles related to procedural knowledge correspond to

Threshold Skills as defined byThomas et al. [170].

We identified seven key threshold skills, some encompassingmultiple sub-skills, that can act as

significant obstacles in IoT development:

– Acquiring technical vocabulary

– Following amethodology

– Understanding and using digital technologies

– Data interchange formats (JSON)

– Mechanisms for storage and retrieval of data (noSQL)

– Application programming interfaces (APIs)

– Asynchronousmessaging systems (Pub/Sub)

– Distributed version control systems (Git)

– Setting up digital products

– Building electronic circuits

– Programming computers

– Designing andmaking objects

The study suggests thatmastering these skills is critical for the successful execution of an IoT

project. Since these skills are classified asThresholdSkills, the difficulty in acquiring them can

impede progress and potentially prevent project completion.

Interestingly, the interviews revealed that, regardless of expertise level, developers encountered

similar obstacles. However, the capacity to recognise issues, seek assistance, and the time re-

quired to overcome challenges varied significantly between developers.

These findings highlight the broad range of skills essential for IoT development, indicating that

such projectsmay benefit froman interdisciplinary approach. The complexity involved could be

exceptionally overwhelming for an end-user developer.

4.4.4 | Flow of an IoT Project

The case study indicates that an IoT project typically progresses through several key stages, with

varying processes across the areas of sensing, computing, and actuating:

– Define
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Figure4.21: Process and flow for Sensing/CapturingData.

Figure4.22: Process and flow for Processing/Storing in the cloud.

Figure4.23: Process and flow for Actuating/Acting in the physical world.

– Procure

– Configure/Combine

– Test

– In the lab

– In the real world

The flowof processes across the three core components of an IoT project – Sensing, Processing,

and Actuating – is illustrated in Figure 4.21, Figure 4.22, and Figure 4.23. These diagrams

outline the tasks developers face, underscore the complexity at each stage, and showcase the

range of options available for each phase of the project. While comprehensive, the diagrams are
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not exhaustive; additional steps or variationsmay be necessary depending on specific project

needs.

4.4.5 | Discussion Remarks

Thefindings confirm the conceptual premise that the complexities involved in creating an IoT

project are substantial. Our initial hypothesis suggested that the challenges of assembling a

functional IoT project would be overwhelming for a non-expert. The case study offers strong

evidence to support this hypothesis, indicating that the demands of such projects often exceed

the capabilities of thosewithout significant expertise.

4.5 | Summary

This section consolidates the keyfindings of the case study, addressing the objectives established

at the outset of the chapter. By examining the time investment, phases of development, and

obstacles encountered, the study offers a comprehensive understanding of the challenges faced

by non-experts in completing a bespoke IoT project.

This case study set out to:

1. Understandthe timeframerequiredtobringacustomIoTproject toanacceptable functional

state,

2. Comprehend the different phases that a non-expertmust navigate to complete their plan,

and

3. Identify obstacles that could stop or delay the project’s progress.

Thefindings revealed that completing a bespoke IoT solution could require up to 600hours of

work. Without strongmotivation, non-experts are unlikely to complete such a project. The study

also showed that developing an IoT solution involvesmultiple phases, eachwith varying levels of

complexity. While the earlier stages aremore accessible to non-experts, the later phases become

significantlymore challenging, often exacerbated by insufficient support and guidance.

Moreover, the research underscores that overcoming specific obstacles requires the acquisition of

ThresholdSkills, such as basic programming or electronic circuit assembly, with the complexity of

theseskillsvaryingaccordingtothenon-expert’sbackground. Thesefindingsstronglysupport the

hypothesis that the challenges inherent in assembling a functional IoT project are too significant

for a non-expert to navigate successfully.

This chapter’s research lays the foundation for the next phases of our exploration into bespoke

IoT project development by end-user developers. The insights gathered here serve as a critical

reference for the following three chapters, which examine the practical aspects of concept refine-

ment and ideation (Chapter 5), the support required for project assembly (Chapter 6), and the

implementation of guided troubleshooting strategies (Chapter 7). Together, these chapters build

on the findings presented here, offering a holistic approach to the challenges faced by non-expert

developers in the IoT domain.
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Chapter 5

Concept Refinement and Ideation

User Study on Conceptual Development

“The onlyway to engineer the future tomorrow

is to have lived in it yesterday.

—Bill Buxton

SketchingUserExperiences [25]

TOOLS THAT FACILITATE THE IDEATIONANDDEFINITIONPROCESSES in technology-drivenprojectscould

greatly benefit end-user developers, especially thosewithminimal expertise, to generate, refine

and articulate project concepts. These resources should also provide technical guidance, enabling

developers tomake informed decisions about the feasibility and implementation of their ideas.

The scenarios presented inChapter 2 highlight the diverse contexts inwhich end-user developers

could engage in IoT projects, emphasising the necessity of user-friendly, plug-and-play solutions

to reduce initial confusion and ambiguity. Furthermore, Chapter 3 underscores the complexity of

IoT ecosystems and the need for structured approaches provided by toolkits designed for ideation

and prototyping. Toolkits such as IoT Ideation Cards, [46] IoT Design Kit, [47] and Tiles IoT

Toolkit, [127] help generate, refine, and organise ideas, fostering divergent thinking andmaking

the development processmore accessible. However, none were created explicitly for end-user

developers, highlighting the need for improved tools to bridge this gap.

Additionally,Chapter4 illustratesthesignificantchallengesend-userdevelopersfacedueto initial

ambiguity and the iterative nature of their projects. Offering aids that help organize and refine

their ideas can improve their confidence and capacity tomove their projects forward, reducing the

obstacles caused by their limited technical expertise. This organisational clarity allows them to

approach each project phasewith greater confidence and precision systematically.

In this thesis, we focus on end-user developerswithminimal expertise, distinguishing between

noviceswith formal training and non-expertswithout specialised knowledge of digital technolo-

gies. Non-experts, lacking formal training, facemore significant challenges in progressing their
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skills and require additional tools and support to clarify and organise their ideas. Their slower

learning curve amplifies this need for assistance compared to thosewith formal training. There-

fore, our discussion centres on supporting these end-user developers to effectively bring their

ideas to fruition rather than exploring the entire journey to expertise.

Buildingonthis identification,wehypothesise thatend-userdeveloperscouldgreatlybenefit from

targetedsupport in the ideationphaseof their projects. Byprovidingstructuredguidance, develop-

ers can transformtheir initial ideas into actionable project concepts. This support,which includes

technical guidance, not only aids in overcoming the initial barrier of conceptual vagueness but

also sets a strong foundation for the subsequent stages of project development. Additionally, by

integrating technical constraintsandpossibilities into the ideationprocess, these resourcesassist

in understanding technical feasibility, thereby reducing the barriers posed by limited technical

expertise.

Our study focuses on identifying effective supportmechanisms during the ideation phase. By

offering targeted assistance, we aim to empower end-user developers to enhance their creative

processes and help them to navigate the technological complexities, which relates to our second

research question:

RQ2 | Inwhatways can targeted support during the ideation phase improve end-user devel-

opers’ ability to conceptualise unique technology-driven solutions?

This question investigates the potential of organised guidance to empower end-user developers.

By examining how such support can help clarify concepts in the early phases of a project and

bridge significant technical gaps for these developers, we aim to uncover strategies that enhance

the initial stages of technology-driven project development.

In response to these challenges, we selectedmobile applications as the focus for this study be-

cause they represent a common and accessible type of technology-driven project. Mobile ap-

plications involve design, prototyping, and technical considerations that challenge end-user

developers,making thema practical choice for testing how conceptual tools can aid in refining

and articulating project ideas. Leveraging these theoretical foundations, we created a conceptual

card deck specifically designed to assist end-user developers in organising their ideas formobile

application development. To test our hypothesis, the card deck facilitates the process by enabling

developers to mix, match, and arrange cards in various configurations, allowing a visual and

tactile exploration of potential project ideas.

With the deck of conceptual cards in hand, we conducted a user study to evaluate the efficacy

of this tool in supporting end-user developers during the initial stages of project creation. The

study aimed to gather empirical data on how the cards influenced the developers’ ability to refine

and articulate project concepts, potentially bridging some of the existing gaps between end-user

developers and the technology. Through thisuser study,wesought to validate ourhypothesis that

organised support could assist end-user developers in solidifying their ideaswithin a challenging

technological environment.

This chapter is organised as follows: Section 5.1: Creating theConceptualDeck delves into the
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design process of our bespoke deck of cards, integrating insights from historical contexts and

pertinent literature. Section 5.2: StudyMethod outlines our user study’smethodology, focusing

on design and execution. Subsequent sections present the study’s initial analysis (Section 5.3:

Analysis), and critical evaluationof insights (Section5.4: Discussion), culminating inSection5.5:

Summary, which summarises themain findings and implications.

5.1 | Creating the Conceptual Deck

This section describes the design process of a bespoke deck of cards created to conduct the user

study presented in this chapter. It explains howwe combined insights frompast researchwith

practical design elements to help end-user developers brainstormmobile application ideas.

The following subsection, “Cards inDesign,HCI (Human-Computer Interaction), andSE (Software

Engineering),” explores the theoretical underpinnings and practical applications of card-based

tools across these disciplines. This examination provides a foundation for understanding how

cards have been historically used to facilitate complex processes like design thinking, user experi-

encemapping, and software development. It sets the stage for howwe tailored the conceptual

card deck to address the unique needs of end-user developers in conceptualisingmobile applica-

tions, highlighting the cards’ role in bridging gaps between abstract ideas and tangible project

outcomes. Through this exploration, we aim to contextualise our approachwithin the broader

landscape of design and technology, underlining the significance of our user study in advancing

the field.

5.1.1 | Cards in Design, HCI and SE

To considermethods and best practices related to creating artefacts to attain goals – bringing

into the realworld solutions thatwere initially only in their creators’ imagination—we refer to

processes followedbydesign,HCI,andsoftwareengineering. Some identifiablemethods indicate

what could be required to assist non-expert users in conceptualising a technology-driven solution.

The design process and howdesigners think have been extensively discussed in the literature.

Books such asDesignerly ways of knowing by Cross [37],The designway byNelson and Stolter-

man [136], andHowdesigners think: The design process demystified by Lawson [104] are dedicated

to understanding and explaining these concepts. These authors explain that designers possess

particular expertise in the “artificial world,” which encompasses the human-made realm of arte-

facts [37]. They also highlight that at the heart of design as a human activity is the process of

envisioning an ideal addition to theworld and bringing that idea to lifewith form, structure, and

shape [136]. Moreover, the commonalities between ideas presented by different authors lie in

identifying distinct phases of the design process.

Building on these foundational ideas, thework presented in this chapter departs from concepts

introduced by theDesignCouncil, theUK’s national strategic advisor for design, in 2005 [36]

and theDesignThinking process developed at IDEO, a consultancy firm in theUS, consolidated

byBrown andKatz [20] and taught at the d.school at StanfordUniversity.

5.1. Creating the Conceptual Deck | 81



The Design Council visualises the design process as a “double diamond” (Figure 5.1) and syn-

thesises the process in four steps: Discover, Define, Develop andDeliver. The design thinking

approach, as developed at IDEO, presents three core activities – inspiration, ideation, and im-

plementation. The StanfordDesign School (d.school) has expanded it into a five-stage process:

Empathise, Define, Ideate, Prototype, andTest (Figure 5.2).

In the introductory chapter, RQ2 askswhat supports non-expert users in creating their own IoT

solutions. Considering the designmodels, part of the support should come in the divergent parts

of the double diamond—Discover and Develop—and, correspondingly, in the Ideate phase of

theDesignThinkingmodel. This chapter’s conceptual decks of cards exemplifyways to support

non-expert users in the divergent stages of the process.

In theHCI literature, conceptual and theoretical aspects of gamification, including gamemechan-

ics, dynamics, andmotivational strategies have been recognised as providing good results. Game

design elements have been considered to enhance user experience and engagement in non-game

contexts. Gamemechanics such as points, badges, leader-boards, levels, and challenges canmo-

tivate and rewardusers,while gamedynamics like competition and collaboration further enhance

engagement. Feedbackmechanisms and the importance of aesthetics have also beenhighlighted,

emphasising the role of gamification in creating engaging and enjoyable interactions [56, 58, 59,

57]. An area of gamification is the use of bespoke decks of cards.

The use of conceptual cards is awell-established approach across different disciplines. In design,

they have been used for defining problems, structuring the design process,making knowledge

accessible, supporting creative endeavours, facilitating different design phases, co-designing

user experiences, and engaging end users [50, 60, 61, 85, 115, 131, 186]. InHCI, the literature

shows exampleswhere cards have been used to integrate human values, address legal and regu-

latory issues, supportmetaphorical thinking, and enable data-driven reflections on the design

process [45, 75, 113, 118]. In software engineering, CRC cards are used to teach object-oriented

programming (OOP) [14, 86, 158].

In 2019, Roy andWarren [153] surveyed the landscape of card-based design tools, identifying 155

different decks. Notably, over 90%of these deckswere created after 2000, reflecting a growing

interest in and recognition of their value.

5.1.2 | Crafting the Conceptual Card Deck

This section explains the development process of the bespoke deck of cards utilised in our study,

integrating historical context, theoretical foundations, and specific design considerations to

enhance the ideation phase for end-user developers focusing onmobile application development.

Translatingabstract ideas into tangibleprojectplans isparticularlydaunting fornon-experts,who

often grapplewith a limited understanding of technical terminology and the breadth of available

technologies. Such limitations frequently lead to an imprecise project definition, necessitating

numerous iterations between conceptualisation and prototype development and thus complicat-

ing the journey to a viable product. In response to this challenge,we crafted a conceptual carddeck
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Figure5.1: TheDesignCouncil’s Framework for innovation.

Reproduced from the Design Council, https://www.designcouncil.org.uk/our-

resources/the-double-diamond/. Licensed under a CCBY4.0 license.

Figure5.2: The five phases of theDesignThinking process.

Reproduced fromStanford d.school, https://dschool.stanford.edu.

to ease the ideation process, providing a comprehensive overview of technological options and

enabling users to explore various scenarios effortlessly. This tool is designed to help non-experts

solidify their ideas, facilitating a smoother transition from vague concepts to detailed project

outlines.

Historical References

Conceptual card decks have long been used to stimulate creativity, and several key predeces-

sors have shaped the design of contemporary versions. These foundational decks are essential

references for creating new conceptual card sets.

TheHouseofCardsbyCharles andRayEames, datingback to 1952, is oneof the earliest examples.

It features 54 cards, each showcasing an object, and includes slots for assembling the cards

into three-dimensional structures, aiming to enhance creativity through play (Figure 5.3). The
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Figure5.3: House of CardsCollector’s Edition.

Reproduced fromEamesOffice, https://www.eamesoffice.com/.

Eameses created this deck to encourage experimentation, imagination, and an appreciation for

the beauty of everyday objects, fostering a playful yetmeaningful engagementwith design and

structure.

ObliqueStrategies, created byEno andSchmidt in 1975, comprises 113 cards offering suggestions

or remarks to overcome creative blockages. This deck has seenmultiple reprints and adaptations,

including its availability as anAmazonAlexaNewsFeed.

Method cards, introduced in 2003 by IDEO, is a deck of 51 cards to foster newdesign approaches

and inspiration. Each card describes a specificmethod, such asScaleModelling, and guides its

application, further demonstrating the utility of card decks in creative processes.

Thehistoricalcontextandtheoretical foundationssignificantly informedthe inclusionof technical

elements in the card design. This approach ensures the cards inspire creativity and guide users

through practical technical decisions, bridging the gap between ideation and implementation. By

incorporating technical elements into the cards, we ensure that end-user developers are equipped

with the necessary knowledge to navigate the complexities of development, thus enhancing the

overall utility and effectiveness of the toolkit.

Structuring the Cards

To implement these theoretical foundations, the envisioned card deck aimed to demystify the

technological aspects of project development through an intuitive and engaging format. Drawing

inspiration fromtraditionalplayingcards, thedeckwasorganised intosuits representingdifferent

components of data flow: input, output, sensors, and storage. Each card adopted a familiar size,

such as the standard poker size (2.5”x 3.5”) or theB8 size (62 x 88mm), with rounded corners to

enhanceusabilitywithinagame-likecontext. Aimingforaccessibility, thedeck ideally consistedof

around52cards,mirroring theFrench-suiteddeck,whichconsistsof four suits: hearts, diamonds,

clubs, and spades. This approachhelped to avoid overwhelminguserswith something unfamiliar.
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Thedesignutilisedasimple yet effective combinationof colour, typography, and icons todelineate

each technology component, ensuring users could easily navigate and iterate through potential

technological solutions.

This structured design not onlymakes the cardsmore accessible but also ensures that end-user

developers can seamlessly integrate technical considerations into their creative processes, thus

fully leveraging the historical and theoretical insights that informed the deck’s creation.

Layout and Colours

Indesigning thedeck,wemadedecisions followingwhat is commonlyused in the long traditionof

playing cards. By adhering to traditional design principles,we ensured familiarity and ease of use

for end-user developers. Aligning our design decisionswith historical and traditional elements

allowedus tocreateadeck that resonateswithusers, fosteringcreativityandengagement through

its novel use without presenting something unfamiliar. Therefore, we designed rectangular

cards that adhered to standard ratios (1:1.4 for poker cards or 1:1.419 for B8 cards) and can be

oriented in either portrait or landscape formats. We chose the landscape format to optimise

writing space. This design choice facilitates the inclusion of blank cardswithin the deck, allowing

users to annotate themwithadditional actions (verbs) or objects (nouns) not already covered. The

blank cards offer ample space forwritingwith a felt tip pen, like a Sharpie. These cards’ overall

design and layoutmaintain traditional playing card aesthetics, emphasising a balanced, centred

arrangement of content both vertically and horizontally.

We believe the cards’ colour schememust be carefully chosen to ensure clear differentiation and

sufficient contrast against black andwhite to accommodate colour-impaired users, such as those

with colour blindness. While a specific colour palette is unnecessary,we selected coherent colours

in brightness and saturation, with hues spaced as evenly as possible to facilitate easy recognition.

To aid in identifying suits, we employed a negative design approach, featuring coloured back-

groundswithwhite elements. This enhances visual organisation and simplification. We adopted

a flat design to create a distraction-free interface, utilising two-dimensional elements and solid

colourswithout gradients. This approach promotes a calmand focused environment for users

engagingwith the deck, prioritising simplicity andusability. By ensuring the colours do not cause

discomfort or distraction, we enable users to concentrate fully on their tasks.

Typography and Icons

Wedecided the typography for the cards to be unobtrusive and neutral. We opted to useMontser-

rat, amodernsansserif fontdesignedbyArgentine typedesignerJulietaUlanovsky, asanhomage

to the neighbourhood of the same name in Buenos Aires. Montserrat is available in multiple

weights (light,medium,bold, extrabold) that canbeused tosuit variouscontextswithoutdrawing

undue attention or distracting users. Consistencywas key, with a single typeface used across

all cards and relatedmaterials, ensuring a cohesive visual language. Aswith colour selection,

the typographic presentation aimed tomaintain a calm and subdued tone, supporting a focused,

undisturbed user experience.
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Figure5.4: Sample of the conceptual deck of cards.

Wedesigned each card to prioritise simplicity, withminimal information complemented by intu-

itive iconography that reinforces the card’smessage. Iconswere part of a cohesive visual family

to ensure uniformity. They directly represented the actions (verbs) or objects (nouns) clearly

and straightforwardly, aligningwith the typographic contentwithout confusion. We employed

familiar symbols to depict common concepts (e.g., a clock for time, a dropped pin for location) to

prevent the need for new interpretations thatmight complicate the ideation process. All the icons

were sourced from theDottie collection byXinh Studio, accessible through theNounProject1, to

guarantee a unified and accessible design language across the deck. Our goal was to facilitate

combining different cards to foster the idea-clarification process rather than relying on innovative

or unfamiliar imagery on individual cards. Consistentwith the chosen colours and typography,

the visual language of the icons also contributed to a serene and focused setting, aiding users in

organising their thoughtswithout being distracted by the tool itself.

Ideation Cards

In creating our deck, we based our decisions on having four suits or groups, as explained above.

Having identified four key aspects of mobile device data use — Sensors, Input, Output, and

Storage—and following an iterative process, we analysed the commonly provided features for

each group, such asLocation,Motion, andTime for Sensors. Each card incorporates technical

elements to help non-experts understand the technical aspects of their projects, evenwhen they

lack the necessary technical vocabulary. We aimed to cover all conceivable aspects that end-

user developersmight needwhile allowing flexibility for unexpected items through anUndefined

category. This approach ensures the deck is comprehensive andadaptable,meetingdiverse needs

whilemaintaining a familiar, organised format.

Organised in thisway, the deck of cards helps inmaking technical decisions, oftenwithout the

user even realising it. For instance, a usermight recognise the need for a sensor (e.g., motion) or a

particular type of input (e.g., voice recording using the device’smicrophone) simply because the

card exists in the deck. Otherwise, some technical aspects are not part of the ideation process

because end-user developers donot possess the required vocabulary. As theAustrian philosopher

1https://thenounproject.com/
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Table5.1: Suits and cards.

Sensors Input Output Storage Extra

Location Photograph List Cloud Storage Undefined

Motion Rating Map Internal Storage

Time Sound Recording Photograph

Text Sound Playback

Video Recording Text

Voice Recording Video Playback

LudwigWittgenstein stated, “The limits ofmy languagemean the limits ofmyworld” [185]. The

cards, with their technical components, expand theworld of non-experts by providing themwith

a ready-made technical vocabulary to use in their projects.

Finally, the deckwe created, illustrated in Figure 5.4, consists of 48 cards, including an introduc-

tory card. Each category, Sensors, Input, Output, andStorage, is distinguished by colour. The

Sensors category,marked by amaroon hue, encompassesLocation,Motion, andTime cards. The

Input category is coloured orange and features cards forPhotograph, Rating, SoundRecording,

Text, VideoRecording, andVoiceRecording. TheOutput category, depicted in blue, includesList,

Map, Photograph, SoundPlayback, Text, andVideoPlayback cards. Meanwhile, theStorage cate-

gory is represented in green, containingCloudStorage and Internal Storage cards (Table 5.1). The

Undefined category is colour-coded ingrey. Theseundefinedcardsareblank, allowingparticipants

to use themas they see fitwithout being restricted to a predefined category.

5.2 | Study Method

This sectiondetails themethodology for theuser studypresented in this chapter. Subsection5.2.1

provides a comprehensive overview of the study’s structure and procedures, Subsection 5.2.2

outlines the participant recruitment process, offering insight into our study cohort’s diversity

and selection criteria. The section concludeswith Subsection 5.2.3, presenting a summary of

all the data collectedwhile running the user study, andSubsection 5.2.4, which addresses the

ethical approval and consent procedures.

5.2.1 | Parts and Procedure

Our study involved an interactive exercise inwhich participants used the customdeck of cards

to outline amobile app on a large paper sheet, facilitating a visual representation of the app’s

functionalities. Employing colour markers for notes and connections and with our guidance,

participants explored potential features and limitations through an open dialogue devoid of strict

time constraints. The objectivewas to delineate the envisioned app comprehensively.
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Following themapping exercise, participants proceeded to complete a survey designed to gather

demographic information and detailed feedback on the experimental process. Additionally, each

sessionwas video-recorded to ensure thorough documentation of the discussions and insights

generated, capturing nuances and reflections that contributed to a deeper understanding of

participant experiences throughout the process.

The decision to focus onmobile applications rather than IoT solutions stemmed from the obser-

vation that laymenhad amore concrete understanding ofmobile apps, given their widespread

familiarity aftermore than a decade of smartphone usage. In contrast, IoT remains newer and

less familiar to the average person, who typically lacks computing or digital technology expertise.

While not directly addressing IoT solutions, this focus yielded valuable insights into supporting

non-experts in creating technology-centric solutions.

Each sessionwas facilitated by the researcher, whose rolewas primarily observational but also

responsive to the participant’s needs. Participants arrivedwith a pre-formed, though often vague,

idea for a technology-related project, and the sessionwas framed as an opportunity to explore

and refine that idea using the bespoke card deck. Given the diversity of participant backgrounds

and project intentions, sessionswere necessarily adaptive rather than standardised. The facil-

itation strategy followed a roughly 70/30 split between observation and intervention. While

the researcher aimed tominimise influence and allow ideas to emerge organically, occasional

guidance was provided to prevent participant frustration or impasse. The sessions were thus

structured around a flexible, participant-led exploration of potential functionalities, rather than a

uniformprocedure. Ensuring procedural consistency across participantswas not amethodologi-

cal aim. Instead, the study sought to capture a range of engagementswith the card-based toolkit,

grounded in each participant’s project intentions.

5.2.2 | Inviting Participants

Weexplored the conceptual card deck’s impact through individual sessionswithin the study’s

framework. The core of our evaluation focuses exclusively on individual participants, each of

whom camewith a pre-conceived idea for a project theywanted to create. This targeted approach

allows us to delve deeply into each participant’s unique engagement and experienceswith the

toolkit. Itprovidesanuancedunderstandingof itseffectiveness insupportingend-userdevelopers

during the project conceptualisation phase.

The recruitment process began with an announcement in the University Newsletter, enticing

potential participants with the question, “Isn’t there an app for that?” This initiative formed

SampleA, comprising the first group of individual participants. The growing interestwithin the

university community led to our involvement in the “Health in theDigital Era” course,marking

our first foray into group-based participant engagement (Sample B).

Further expansion of our participant base occurred during the Summer of 2020-21, facilitated by

a SummerScholarwho employed both personal outreach and digital communication, thereby

creating Sample C. December of the same year sawus integratingwith aDirected Study class at
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theUniversity ofWaikatoTaurangaCampus, resulting in SampleD. Although this involved a

collective class experience, our focus remained on the individual contributionswithin that setting.

While participantswere recruited through a range of settings—individual outreach, academic

programmes, and summer initiatives—the structure and focus of the sessions remained con-

sistent. A key distinction lay in the initial framing: individual participants (Samples A and C)

were explicitly invited based on having a personal project idea theywished to develop, whereas

classroom-based participants (SamplesB andD) encountered the toolkit as part of a course con-

text. Nonetheless, once engagedwith the card deck and relatedmaterials, participants across

all samples interacted in comparable ways, using the cards to articulate, explore, and expand

upon their project ideas. Although the classroom sessions occurred in group environments, our

methodological focus remained on individual contributions, and each sessionwas facilitated,

recorded, and analysed accordingly.

Based on the engagementwith 18 individual participants, our analysis provides a detailed exami-

nation of the conceptual card deck’s utility and impact. This focus enriches our understanding of

its role in facilitatingthe ideationandconceptualisationstages forend-userdevelopersembarking

on technology-driven projects.

5.2.3 | Data Collection

Ouruserstudy resulted inasignificantdatacollection, comprisingsurvey responses, photographs

showing the cards in use and detailed video recordings. These recordings spanned 6 hours, 36

minutes, and 2 seconds andwere transcribed into 53,607words. On average, each participant’s

participation durationwas 24minutes and 45 seconds, yielding an average of 3,350words per

participant. Thedataalso includesquestionnaire responsescontainingdemographic information

and four questions about participants’ prior experience and thoughts post-utilisation of the cards.

The recordings captured participants’ interactions with the instructional materials and their

reactions during the interviews.

The analysis of the study data followed an inductive approach, consistentwith the exploratory

aims of the research. Rather than applying a formal coding schema or content analysis frame-

work, patterns were identified through repeated engagement with the transcripts, supported

by visualisation techniques. These includedword frequency analysis and clustering strategies

developed using ad hoc tools such as Python scripts and the SpaCy natural language process-

ing library. This analytic process reflects a transitional phase in the research, moving from a

design-led interpretative approach towardsmore structuredmethods typical ofHCI.Theanalysis

was conducted independently, with emerging findings subsequently discussed in supervisory

meetings to validate interpretations and support thematic refinement. No qualitative software

packages or inter-coder reliability procedureswere applied at this stage.
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5.2.4 | Ethical Considerations

The study received ethical approval from the School of Computing andMathematical Sciences

Ethics Committee at theUniversity ofWaikato. The approval letter is included inAppendixA.

All participants provided informed consent before the session, which included the card-based

activity, video recording, and post-session interview. No specific ethical concernswere identified

regarding participant vulnerability, prior relationships, or data sensitivity.

5.3 | Analysis

The user study presented in this chapter aims to evaluate the usefulness of a bespoke deck of

cards inmapping an idea for a technology-driven project that can lack a level of precision in the

mind of an end-user developer. In the following subsections, we analyse the study’s results and

present useful insights that can be used to scaffold the needed support for end-user developers in

creating tech-driven projects.

5.3.1 | Analysing the Survey

Following the completion of the user study, we have compiled a dataset amenable to quantitative

analysis derived from the questionnaire administered to participants post-study, as detailed in

Table 5.2. This surveywas organised into twomain sections: a) demographics and b) specific

questions related to the study, the outcomes ofwhich are discussed in the subsequent sections.

The questionnaire responses collected during the study were used primarily to contextualise

the participant cohort and ensure that no outliers distorted the findings. Demographic data

(e.g., gender, age,mobile platform) and self-reported impressions of the card-based activity were

reviewed descriptively but not subjected to statistical analysis. The responseswere not designed

to support inferential claims, but rather to provide a basic characterisation of the sample and

corroborate qualitative observations. As such, no detailed coding ormetric-based interpretation

was undertaken for open-ended answers, and findings from the questionnairewere not central to

the study’s analytical outcomes.

The analysis of the demographic data included 16 participants. Ten participants were male,

and six were female, with all participants choosing to disclose their gender. The age distribu-

tion showed a concentration in the younger demographic, with ten individuals aged between

17 and 24. Therewere also two participants in the 25 to 29 age group, one between 40 and 45,

another between 46 and 49, and two aged 50 or older (Figure 5.5). This diverse age and gender

representation gave the study the condition that it was not particularly biased in a given direction.

Transitioning to the second segment of the survey focused on the participants’ use of mobile

technologies, their prior experiences with the concepts introduced by our study, the compre-

hensiveness of our toolkit, and its perceived utility. The participant groupwas equally divided

regardingmobile technologyusage,with eight individuals usingAndroid andanother 8using iOS.

Interestingly, 100%of the participants reported having no previous experiencewith a concept
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Table5.2: Participant’s questionnaire.

Demographics

D1 What is your gender?

D2 What is your age?

D3 Which mobile system do you use?

Questions

Q1 Do you have previous experience with this type of exercise?

Q2 How useful do you find it?

Q3 Did the cards cover most of the aspects that you will consider?

Q4 Do you think that there are useful to have more ideas?

Q5 What are the two things that you like the most? Explain why.

Q6 What are the two things that you would like to improve? Explain why.

Q7 Do you have any other suggestions?

Figure5.5: Age of the participants.

akin to our study’s proposal. However, amajority acknowledged the utility of our toolkit: 10 par-

ticipants rated it asVery useful, four asUseful, and 2 perceived it asAverage, with no participants

considering itNot so useful orNot useful at all—the other options provided on the Likert scale.

Furthermore, 100%of the respondents agreed that the toolkit comprehensively addressed their

creativeneeds. Regarding its contribution togeneratingmore ideas, 9out of 16participants found

itVery useful. At the same time, 7 rated it asUseful, with none rating it asAverage,Not so useful,

orNot useful at all (Figure 5.6).

The last three survey questions, Q5 to Q7, focused on what participants likedmost about the

exercise, what they felt could be improved, and any additional suggestions they had. Only five
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Figure5.6: Perceived usefulness of the toolkit and increasing of quantity of ideas.

participants answered these questions, giving us feedback to help us understand their experience.

The feedback fromparticipants on questionsQ5 andQ6 underscores a pronounced appreciation

for theexercise’suser-friendliness, particularly itsvisualdesignelements likecolourandgraphics,

which facilitate easy idea visualisation and organisation.

AboutQ5, “What are the two things you like themost?”, participants noted:

– “Good for drawing out ideas and thought process.” | participantN7

– “Colours help to categorise each area,making it easy to use.” | participantN8

– “Easy because it is colourful and colours help to categorise.” | participantN9

– “Make developing base concept easy…” | participantN10

Participantspraisedtheexercise for itseaseofuseandtheability tocategorisethoughtseffectively

through colour coding. Including elements allowing for user input and creativity, such as blank

cards for personal ideas, was also highlighted as a key feature that enhances user engagement

and satisfaction.

Whenaskedabout two things theywould like to improve, participantsmentioned thepossibility of

havingmore options and colours, showing a desire for an expanded range of options to stimulate

creative thought further and provide newperspectives. Participants expressed a need formore

diverse featureswithin the exercise to broaden its applicability and enhance its capacity to inspire

new ideas.

None of the participants responded toQ7, indicating potential satisfactionwith the current setup

or possibly uncertainty onwhat additional suggestions to offer.

The survey revealed that participants found the toolkit valuable in consolidating their ideas. This

positive feedback underscores the toolkit’s role in bridging the conceptualisation and practical

implementation gap. A group of them appreciated how a set of colourful cards helped them

organise their thoughts and better understand the project’s requirements.
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Figure5.7: Cards used by participantsN1,N8,N13&N14.

5.3.2 | Observations from the User Study

The following paragraphs present observations from the user study. Throughdetailed analysis of

participant engagement, tool utilisation, and facilitator interaction, we aim to unpack the dynam-

ics of creative design processes in a controlled setting. Each subsection delves into a different

aspect of the study: the duration and participant engagement, the impact of the ideation tools

used, patterns in utilising the toolkit, and the integral role of the facilitator. By examining these

elements, we seek to illustrate how structured tools and facilitation can significantly enhance the

ideation phase in application design for end-user developers.

Duration and Engagement

The study did not impose a strict timeframe for session completion, allowing participants to

engage with the exercise for up to one hour. Analysis of session lengths revealed an average

duration of 32minutes, ranging from23 to 46minutes. This variability underscores an effective

engagement period, with participants typically requiring only thirtyminutes to comprehensively

explore the facets of their proposedmobile applications.

Impact of Ideation Tools

Participants’ initial assumptions regarding the clarity of their application conceptswere often

challenged during the exercise. This re-evaluation process underscores the significance of itera-

tive design and feedback in refining project ideas, an approach that end-user developersmay not

inherently possess. Utilisation of ideation tools, specifically a deck of cards designed to facilitate
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application planning, proved pivotal. Notably, 64%of participants acknowledged a shift in their

perspective concerning their application’s post-exercise development. This finding highlights the

efficacy of tactile tools in enhancing cognitive processes implied in the early phases of creating a

tech-driven project.

Refining or Altering Initial Ideas Based on Technical Information

Participants provided various testimonies that illustrate how their initial ideaswere refined or

altered based on the technical information provided by the cards. These insights can be cate-

gorised into five key areas: StorageDecisions,DataManagement andUser Interaction,Sensors

Use,Output andMedia,General Feedback andUtility.

StorageDecisionsParticipants often re-evaluated their storage choices based on the cards, de-

ciding between internal and cloud storage tomeet their project’s needs.

– “Zero connectivity. It needs to be internal storage.” | participantN1

– “I think as soon as they knew itwas on the cloud, they’re going to get rid of the data on the internal

storage.” | participantN2

– “Yeah, so definitely stored on the cloud…” | participantN11

– “I definitely think that cloud storage is important, but youwould still have some internal storage,

you know, themap system things.” | participantN16

DataManagement and User Interaction The cards helped participants reconsider how they

managed data and interactedwith users, leading tomore robust and user-friendly results.

– “Yeah, prettymuch creating an account…Yes, so they create an account first. That’s such a good

idea. I’mnot goodwith anything technical.” | participantN3

– “I suppose there’d then be an opportunity formore text to be input or edited or something later…”

| participantN12

– “Yeah, like you could click the notification, you knowhow you get a textmessage you say likemark

as read or reply something, you could just do that, with the notification…” | participantN13

Sensors Use The cards provided technical insights into sensor functionalities (e.g., motion),

which helped participants better integrate these features into their projects.

– “Okay, because if they do voice recording, thatwould bemore data, right?” | participantN3

– “I was just thinking, do you have any others? Because themotion is also helpful, because Iwas

thinking you aremoving, and then say, did you forget to log in or something?” | participantN4

– “So we were thinking that you would, so these things [sensor cards], do I also understand the

process?” | participantN5

– “So location is the phone knowingwhere the person is that’s using it?” | participantN7
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– “Yeah, yeah, theoutput is time,movementwhich isat locationXmoving indirectionY.So location

and direction.” | participantN8

– “Yeah, your actual location and where you are on amap… So that would be location as well…”

| participantN10

– “So probably definitely time, so I think the app needs to record, well it will have to record time…”

| participantN11

– “It would bemotion because I feel like they’dwant to go in and look around first.” | participant

N15

Output andMediaParticipants refined their ideas about outputs andmedia integration, consid-

ering how variousmedia elementswould functionwithin their applications.

– “Yes, so this is like the socialmedia sharing. So this could be done also automatically?” | partici-

pantN4

– “A sound, it could be a sound actually.” | participantN6

– “Yeah, like take photos and videos and save them to their phone…” | participantN9

– “So green is just storage, blue is output in the app…Do you have an output outside of the app?”

| participantN5

– “Yeah. Definitely photos, I think, like user photos, things like that.” | participantN16

General Feedback andUtilityParticipants provided general feedback on how the cards helped

them solidify their ideas and better understand the technical process, reflecting their overall

utility.

– “Yes, this has been very helpful to really solidify what I can think of aswell.” | participantN4

– “So we were thinking that you would, so these things [sensor cards], do I also understand the

process?” | participantN5

– “So I want it to be able to, like, listen to your playing as well, like, as an option to, like, receive

feedback.” | participantN14

– “Imean, I don’t knowabout like a, like sound recording or voice recording, like if youwant to, like,

record your ideas on the app, if thatmakes sense?” | participantN15

Card Utilisation Patterns

Onaverage, participants engagedwith 13 out of the 48 cards available per session (Figure 5.8).

This level of engagement indicates that the card deck ismainly effective in capturing participants’

interest and facilitating their ideation processes. The frequent selection of “Undefined” cards,

in particular, suggests potential areas for expanding the card deck to better cater to user needs

and stimulate further creativity. This behaviour highlights gaps in the current deckwhere ad-

ditional predefined categories might be beneficial. Moreover, using “Undefined” cards shows
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Figure5.8: Number of cards used by participants in the study.

that participants are thinking beyond the existing cards and categories, indicating that the deck

successfully encourages creative thinking and idea generation. These insights are invaluable

for guiding the iterative design process, helping to refine and improve the deck based on user

behaviour and preferences. Ultimately, this iterative approach aims to create amore user-friendly

and effective tool for end-user developers. By understandingwhich cards are frequently used and

where users need to go beyond predefined categories, amore comprehensive and adaptable tool

can be developed tomeet the diverse needs of end-user developers. This data validates the deck’s

practical impact on project conceptualisation and underscores the importance of customisation

and flexibility in design tools.

Role of the Facilitator

The facilitator, acting as a researcher, crucially guided participants through themapping process

of themobile application using the card deck. This guidancewas pivotal in helping participants

navigate technical constraints and explore creative possibilities. The facilitator’s role in the user

study extended beyond guiding the ideation process; they also helped participants understand

andmanage technical limitations and opportunities. While the facilitator did not dictate the use

of the cards or the sequence of the session, strategic interventions and promptswere significantly

impactful. These interventions oftenmade participants realise that their exploration of ideas

was not exhaustive, prompting further refinement and development of their application concepts.

Without the assistance of a facilitator, end-user developersmay easily encounter limitations and

roadblocks during the ideation and conceptualisation stages. Although the card deck can be used

independently, these usersmight struggle to explore and refine their ideas fully, highlighting the

challenges they facewithout expert guidance.

96 | Chapter 5. Concept Refinement and Ideation



Additional Notes

During the final part of the study, some participants could articulate a fewwords to express an

evaluation of the toolkit in assisting themwith the process:

– “Yeah that’smademe somuch clearer of what Iwant…” | participantN3

– “This is a really cool tool…” | participantN5

– “These cards are really helpful. Like, I would not be able to remember anything I just said!”

| participantN15

– “No, I think it’s, it’s getting there, like it’s a bitmore progress than I had expected.” | participant

N16

Althoughminimal, as clearlyparticipantsweremoreexcitedspeakingabout their idea foraproject

than about the usefulness of the toolkit, these quotes represent the overall perceived effect of

using the cards.

Given the exploratory and design-led nature of the study, no formal participant validation pro-

cedures (such asmember checks) were employed. Tomitigate potential bias arising from the

dual role of facilitator and analyst, the facilitationwas deliberately kept to aminimum, and the

subsequent analysis focusedstrictly onparticipants’ verbal responsesandobservable actionsdur-

ing the session. Interpretive attentionwas directed toward howparticipants interactedwith the

toolkit andarticulated their ideas, rather thanon theviability or interest of their proposedprojects.

This stance reflects a design-oriented approach to qualitative inquiry, prioritising situated ob-

servation and emergent meaning-making over structured validation. While this represents a

departure frommore formalised protocols inHCI, carewas taken tomaintain fidelity to partici-

pants’ intentions and perspectives as they engagedwith thematerials.

5.4 | Discussion

This chapter presented a user study exploring the value of a bespoke deck of cards in assisting

end-user developers to consolidate their ideas. The study goalswere oriented to accomplish these

objectives:

– Evaluate the efficacy of the conceptual cards

The primary goal of the studywas to assess how effective the conceptual cards are in sup-

porting end-user developers during the ideation phase. This includes understanding how

the cards influence end-user developers’ ability to generate, refine, and articulate project

concepts.

– Validate thehypothesis of structured support

The study aimed to validate that providing structured support in conceptual cards can en-

hancethe ideationprocessforend-userdevelopers. Itseeksempiricaldatatoconfirmwhether

such support helps developers overcome conceptual vagueness and leads tomore concrete,

actionable project concepts.
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– Gather insights for refinement

A third goal of the studywas to gather insights on refining the conceptual card toolkit further

tomeet the diverse needs of end-user developers. This involves understanding howdevel-

opers interact with the cards, identifying any challenges or limitations, and determining

potential improvements or additional features to enhance the toolkit’s effectiveness.

We can assert that all three goalswere achieved based on the observations from the user studies

and participants’ feedback. Firstly, the cards proved highly effective in assisting end-user devel-

opers to generate, refine, and articulate project concepts, as evidenced by the study’s outcomes.

Secondly, the structured support provided by the cards facilitated participants in progressing

with their ideas and overcoming initial conceptual vagueness, resulting in more tangible and

actionable project concepts. These refined concepts can now serve as a foundation for further col-

laborationwith specialists for project development or guidance. Lastly, the study yielded valuable

insights for refining the toolkit. Participants highlighted the need formore precise ruleswithin

the toolkit and desired a format they could navigate independently without researcher assistance.

This insight could guide future iterations of the toolkit to ensure it effectivelymeets the diverse

needs of end-user developers.

5.5 | Summary

This chapter’s user study assesses amethod for assisting end-user developers in refining their

ideas, particularly inovercomingthehurdles inherent indigital-orientedproject creation. Thecore

hypothesis of this thesis posits that, with adequate support, end-user developers can effectively

constructcustomisedIoTprojects, beginningwithaprecisedelineationofgoalsandrequirements.

Although the user study focused onmobile application development, the insights gained—such

as the value of integrating technical guidance into the ideation phase—can be extended to the

development of customized IoT projects, where similar challenges of aligning creative ideas

with technical realities exist. The study’s findings substantiate the feasibility of this notion,

highlighting the intricacies involved and the need for tailored assistance. Recent literature shows

that toolkits using participatory design cards can help users explore the technical constraints and

affordances of IoT systems, enabling them to integrate these considerations into their project

planning. Although primarily aimed at designers, these toolkits can also support ideation in IoT

projects by helping participants align their goalswith technical possibilities (seeTable 3.1 for a

list of relevant toolkits).

The cards assisted participants in organizing their thoughts and incorporating technical vocabu-

lary, allowing them to balance creative ideaswith practical constraints and possibilities. Integrat-

ing technical guidance into ideation tools is crucial to effectively support end-user developers,

ensuring that creative concepts are innovative and feasible.

Throughout the user study, it became evident that end-user developers encounter difficulties

defining their objectives and navigating the path to achieving them. While the cards facilitated

idea organization, the presence of a researcher offering additional technical supportwas critical

in helping participants overcome specific challenges. This indicates that, while ideation tools are
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beneficial, end-user developersmay still require expert input to fully navigate complex technical

aspects.

The following chapter advances this investigation by evaluating a method to assist end-user

developers in creating personalised IoT projects, specifically focusing on overcoming challenges

related to building electronic circuits and programming computers.
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Chapter 6

Project Enabler

User Study on Support for Project Assembly

“If necessity is themother of invention,

then combining previous systems is the father,

and adhocism is the creative offspring.

This is true in both nature and culture.

—Charles Jencks andNathanSilver

Adhocism: TheCase for Improvisation [94]

A LONG-TERM STUDY, presented in Chapter 4, observed an end-user developer creating an IoT

project. The study identified a range of key threshold skills, including building electronic circuits

and programming computers. These foundational technical abilities, such as basic circuit design

and programming, are essential for progressing beyond the conceptual phase of IoT develop-

ment. This chapter presents a user study exploring how end-user developers can be supported in

overcoming obstacles related to circuit building and computer programming to create a functional

prototype of a bespoke IoT project.

Through the user study, we aim to addressRQ3:

RQ3 |What essential support strategies enhance end-user developers’ success in building

and programming IoT projects?

Wehave extended theTILES IoTToolkit, whichwas originally designed to support ideation and

prototyping, to further assist end-user developers in themore technical stages of building and

programming IoTprojects. This extension includes additional resources and structuredguidance

aimed at simplifying these technical tasks, bridging the gap between abstract concepts and fully

functional prototypes. Our approach builds on the literature reviewed inChapter 3 and the user

study presented in Chapter 5. We know from the literature that toolkits provide adequate support

for defining and ideating IoT projects. The conceptual cards in Chapter 5 helped participants
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Figure6.1: TILES IoTToolkit workshop, focusing on the first phases of the process.

Reproduced fromTiles IoT InventorToolkit, https://www.tilestoolkit.io.

clarify and organise their ideas during the ideation phase. However, as this chapter focuses on

the technical challenges of building and programming, additional support is required to overcome

these significant hurdles.

The chapter continueswith the following sections: Section 6.1, presenting howwe propose to

extend a preexisting toolkit; Section 6.2, explaining howwe carried out the study; Section 6.3,

presenting the analysis of the data gathered in the study; Section 6.4, exposing a discussion of

the insights obtained as a result of the study; and finally Section 6.5, summarising the chapter.

6.1 | Extending the Tiles IoT Toolkit

The creation of bespoke IoT projects presents different phases. After initial phases belonging

to theworld of thinking, such as definition and ideation, end-user developerswouldmove to the

world ofmaking, in creating a project andmaterialising their ideas. Currently available toolkits

adequately support the initial phases of definition and ideation (seeTILES IoTToolkit workshop

focus on Figure 6.1). Still, how to best support them inmaking a functioning IoT project remains

unclear. We consider that presenting concrete components and guiding end-user developers

through a defined set of instructions could be beneficial and bridge the gap between these two

worlds.

Chapter 3 showed that the TILES IoT Toolkit offers a clear orientation to support end-user

developers in a project’s definition and ideation phases. However, we consider that the toolkit

provides a high level of abstraction that needs to be bridged to complete an actual project. We

proposed to extend it to providemore concrete information, connecting it closerwith the process

ofmaking. With the extended toolkit, we aim to test if end-user developers could assemble their
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Figure6.2: TILES IoTToolkit Distance card (front and back).

Reproduced fromTiles IoT InventorToolkit, https://www.tilestoolkit.io.

own bespoke IoT project using a given set of components and related instructions.

TheTILES IoTToolkit cards present the core information on the front face, while the back indi-

cates the group towhich a particular card belongs (Figure 6.2). By providingmore information on

certain cards, end-user developers can be better supported in building prototypes of their ideas.

Givena card’s limitations,wepropose connecting them toweb resourcesusingQRcodes. Further-

more, presenting photographs of given electronic components could be beneficial for end-user

developers that have no familiaritywith electronic components.

Using the cards in the Sensors group as an example, the front face of the cards shows a symbol

corresponding to a type of sensor (e.g., an illustration of a measure gauge distance compass

to represent a distance sensor). These cards can be extended by presenting a photograph of a

specific example of such a sensor on the back face (e.g., a Grove - UltrasonicDistance Sensor),

using concrete objects instead of a symbolic representation of the action in the card (Figure 6.3).

Furthermore, the cards can be used to create a connection to specificweb resources by usingQR

codes. We believe that to assist end-user developers effectively, their efforts should be centred

around addressing the specific requirements of the project they areworking on. This approach is

preferable to having themsift through extensive, generic documentationwithout a clear direction.

Following the example provided by theDistance sensor card, theQR code connects the card to

a custom-made website with instructions for assembling a measuring distance device using

specific hardware and software components1.

6.2 | Study Method

Weconducted a user study using the extended cards and the dedicatedwebsitewe have created

by extending the TILES IoTToolkit. The focus of the study is to test if an end-user developer

providedwith the relevant support can successfully build a bespoke IoT project. Subsection 6.2.1

presents the preliminary steps in preparation for the study, Subsection 6.2.2 explains the phases

1https://faitap.com/sensors/distance/
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Figure6.3: TILES IoTToolkit Distance card – proposed extension (front and back).

and procedure of the study, Subsection 6.2.3 presents how participants were invited, Subsec-

tion 6.2.4 details the structure andmethodological rationale of the data collection process, and

Subsection 6.2.5 presents the ethical approval details and consent procedures followed in the

conduct of the study.

6.2.1 | Preparation

Chapter3showedthat theTILESIoTToolkit couldsupportend-userdevelopers inanIoTproject’s

definingand ideationphases. Wepropose extending the functionality of theTILES IoTToolkit by

incorporatingQRcodesoncardsthatcould link tospecific items, suchasaparticular typeofsensor

(Figure 6.3). TheQR code directs the end-user developer to an instructionalweb resource. The

extra informationhelps transition fromabstract concepts to concrete examples: a distance sensor

becomes a specific electronic component (in the upcoming paragraphs, aswe examine potential

scenarios andmake a selection for the user study, we elucidate the reasons behind our decision

to utilize theGrove –UltrasonicDistance Sensor, produced by SeeedStudio, specifically for the

distance-sensing project). With the instructions on thatweb resource, an end-user developer gets

closer to putting together a functioning artefact using hardware, software and cloud services.

To explore the notion of supporting the cardswith extra content, we started by imagining simple

potential problems that could be solved by creating a bespoke IoT project. As a result of that

process, we endedwith four different concepts:

– a noise levelmeasuring project,

– a standing deskmeasuring device,

– a switch the lights project, and

– a squeeze stress balls device to control lights.

Having defined four potential problems,we used theTILES IoTToolkit to explore these ideas

andgain a deeper understanding of the implications of each, developingdifferent scenarios based

on our findings (Figure 6.4).
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Figure6.4: Scenario used in the study presenting a distancemeasuring device.

Before conducting the study, the four scenarioswere compared in our lab, following the required

steps to complete the various projects. It was identified that the scenarios required different

sensors and, in some cases, actuators.

Scenario A – a noise level measuring project – required a loudness sensor. Transforming the

values captured by the sensor into ameasurement recognisable by non-experts (e.g., decibels)

proved to be complicated. The value of decibels is not linear in relation to the analogue readings

from the sensor. Therefore, the sensor’s resultsmust be calibrated using a SoundPressure Level

(SPL)meter.

ScenarioB – a distancemeasuring device – required an ultrasonic distance sensor (Figure 6.4).

Duringour labtesting, itbecameevident that thesensorand itsassociated librarywerestraightfor-

ward to use and did not pose significant challenges. Based on our testing, we deem it appropriate

for a project undertaken by an end-user developer.

ScenarioC – a light switcher – required a tilt sensor and light actuators. The sensorwas simple

to use, but including actuators increased the level of complexity of the project.

ScenarioD – using squeezy stress balls to control lights – required several force-sensing resistors

(FSR) and light actuators. While the sensorswere not difficult to operate, their integrationwith

stress balls added a layer of complexity to the project. The use of actuators also increased the

complexity of the project. This scenario is the base for the long-term study presented inChapter 4.
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Table6.1: Comparison of user satisfaction across four scenarios.
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Overall, I am satisfied with the ease of completing the tasks in this scenario.

Scenario A – Noise level measuring device

Scenario B – Distance measuring device

Scenario C – Light switcher

Scenario D – Stress balls light controller

Overall, I am satisfied with the amount of time it took to complete the task in this scenario.

Scenario A

Scenario B

Scenario C

Scenario D

Overall, I am satisfied with the support information (on-line help, messages, documenta-

tion) when completing the task.

Scenario A

Scenario B

Scenario C

Scenario D

It proved to present a high level of complexity for an end-user developer.

After completing the four proposed projects, we conducted a pre-study self-evaluation to as-

sess their relative complexity and feasibility. This evaluation was carried out using the After-

ScenarioQuestionnaire (ASQ) [107], which comprised three statements rated on a Likert scale

from “Strongly disagree” to “Strongly agree”:

– Overall, I am satisfiedwith the ease of completing the task in this scenario.

– Overall, I am satisfiedwith the amount of time it took to complete the task in this scenario.

– Overall, I am satisfiedwith the support information (on-line help,messages, documenta-

tion)when completing the task.
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Figure6.5: Distances tomeasure in Scenario B – a distancemeasuring device.

Theresultsof thisassessmentarepresented inTable6.1. ScenarioB—astandingdeskmeasuring

device—received the highest averageASQ rating (4.67/5), indicating the greatest overall ease,

efficiency, and support quality. It was identified as themost straightforward to implement in

terms of required components and clarity of procedure. Based on this, we selected Scenario B for

the user study.

The project required a distance sensor, a microcontroller and data storage in the cloud. The

following subsections explain howwe defined the sensor,microcontroller and cloud service used

to run the study.

Defining the sensor

Distance sensors use ultrasonic or laser tomeasure the distance among objects. There aremany

measuring distance sensors in the market, but our scenario presents specific characteristics

that simplify the selection process. Used in a sitting position, the tabletop of a desk is 65-75

cm from the floor. In a standing position, the tabletop is 95-105 cm from the floor (Figure 6.5).

Therefore, the sensor in this project needs tomeasure distances in the 65-105 cm range. A second

requirementwas related to simplicity. Aiming at being built by end-user developers, the sensor

must haveways of being connectedwithout the need for soldering cables, and the device has to be

more robust than a circuit using a prototyping breadboard. Given those requirements, we decided

to use aGroveUltrasonic Ranger sensor2manufactured by Seeed Studio. Themeasuring range

of this sensor is 2-350 cm, and it uses aGrove connector.

The Grove system, created and released in 2010 by Seeed Studio, is an open-source, modular

component system that simplifies prototyping. Bell [16] explains the threemain characteristics

of theGrove system: 1.Modular cabling supporting four protocols (I2C, digital, analogue, and

UART), 2. Easy, polarised connectors (no incorrect or reversed connections), and 3.No soldering

required. The characteristics of theGrove systempresent a straightforwardmethod for end-user

developers to create electronic circuits,mainly by removing the need for soldering components.

Defining the microcontroller

The IoT project presented in Chapter 4 used Arduino technology. Our observation showed us

thatArduinowas straightforward andwell-supported for an end-user developer. Based on our

previous experience, we decided to use anArduinoMKRWiFi 1010 single-boardmicrocontroller

for the user study presented in this chapter. TheArduinowebsite offers tutorials that effectively

2https://wiki.seeedstudio.com/Grove-Ultrasonic_Ranger/
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guide utilizing thismicrocontroller in straightforward IoT projects. A large community of users

actively participating in forumdiscussions couldbe consulted if needed. Therefore,we considered

theArduinoMKRWiFi 1010 suitable for the IoT project in our scenario.

AGrove shield is needed to connectGrovemodules to theArduino board. SeeedStudio offers four

kinds of Grove shields. The specific one for theArduinoMKRboard is theArduinoMKRCon-

nector Carrier3. TheArduinoMKRConnector Carrier is a printed circuit board (PCB), providing

Seeed Studio’s Grove connectors to anMKRboard. Themicrocontroller is plugged into the board

socket. All themicrocontroller ports become available throughGrove connectors on the sides of

the PCB.

Defining the cloud service to store data

To alignwith the IoT project description in Chapter 1, the user study scenario requires storing

distance sensor data using a cloud service. In February 2019, Arduino launched theArduino IoT

Cloud platform [166]. After choosing theArduinomicrocontroller and evaluatingArduino IoT

Cloud’s performance, we confirmed its suitability for this chapter’s user study.

Instructional website

To support the creation of a prototype of the defined scenario, we created an instructional website

with a step-by-step tutorial4. TheQR code on the SensorDistance card (Figure 6.3) directs to the

website.

The instructional website created for this study consists of four sections: 1. Introduction, 2.Hard-

ware, 3. Software, and 4. Final notes. The completion of the prototype requires participants to

navigate through a series of twenty pages. This process is structured around a wizard-based

approach, wherein the intricate task is systematically divided into a sequence of manageable

steps. Throughout the user study, participants follow these distinct steps, culminating in the

assembly of the prototype upon successful completion.

The Introduction presents the instructional web resource, indicates theminimum requirements,

and ends by presenting aTable of Contents (Figure 6.6).

Following the steps in theHardware section, participants familiarise themselveswith the com-

ponents: an ArduinoMKRWiFi 1010 single-boardmicrocontroller, a Grove ultrasonic ranger

distance sensor, and a Grove Shield. We ask them to put together the circuit using those com-

ponents. The instructions allowparticipants to stop and celebratemicro-achievements before

stepping into the next part.

The Software section starts by presenting theArduinoCloud service. We invite participants to

follow the steps to create a thing, add a variable,make themicrocontroller IoT-ready, configure

theWiFi access, copy-paste the required lines of code and compile and upload the code to the

Arduino board. When the project outputs values to the SerialMonitor, indicating that it works

3https://store-usa.arduino.cc/products/arduino-mkr-connector-carrier-grove-compatible

4https://faitap.com/sensors/distance/
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Figure6.6: Initial page of the instructional web resource, accessible to users via the

QR code on theDistance card (SeeDistance—FaItaP).

properly, we ask them to create a dashboard in theArduino cloud.

6.2.2 | Parts and Procedure

The user study consists of three distinct parts:

1. a survey,

2. the act of putting together the prototype following online instructions, and

3. a semi-structured interview.
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First part: survey

The study’s first part presents a survey consisting of two sections: demographics and knowledge

and experience (Appendix D). The demographic section asks for the age and education level.

The knowledge and experience section inquires about the participant’s familiaritywith digital

technologies, including the Internet ofThings (IoT), and their awareness of community resources

and support.

Second part: building the prototype

In the second section, we introduce the prototype-building exercise. This processwas presented

to participants as follows:

– Initial presentation

Participants are introduced to theTILES IoTToolkit cards, which have been enhanced for

clarity by incorporating visual elements like photos. These cards are pairedwith correspond-

ing instructions accessible viaQR codes. This step establishes a link between the physical

elements and digital guidance, setting the stage for the project assembly process.

– Scenario introduction

Participantsare thenpresentedwith theproject scenarioalongwith thenecessaryequipment.

Additionally, they are shown a card that is connected to aweb resource through aQR code.

This card-web resource connection serves as the primary source of instructional guidance.

– Guided step-by-step process

Participantsare invited to followthe instructionspresented inawizard-based format through

theweb resource. This process is intentionally crafted to offer a guided series of instructions,

guaranteeing that participants can smoothly navigate through the assembly process.

– Evaluation of assembly capability

The study assesseswhether participants can effectively assemble the prototype using the

providedmaterials and guidance. Successful completion of this step indicates that the com-

bination of physical elements and digital instructions effectively facilitates project assembly.

– Response to challenges

As participants progress through the guided instructions, the study also aims to observe

their reactions and actionswhen encountering challenges or inconveniences. This insight

provides valuable information about howusers handle unexpected issues andwhether the

provided support is sufficient to overcome such hurdles.

Participant completion of the prototype-building exercise was assessed through a structured,

step-by-stepweb-based guide consisting of 20 sequential pages. The guide’s different stages

incorporatedmicro-achievements, culminating in a fully functioning IoT prototype by the final

page. Successful completionwas thus clearly observable, with the functioning prototype serving

as an objective indicator. Although assistancewas occasionally provided, these instanceswere

not systematically recorded. However, each session was video-recorded, and field notes were

taken to document participant behaviour and interactionwith thematerials. Completion of the
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prototype alsomarked the transition to the final questionnaire and semi-structured interview,

which provided opportunities for reflection on the process.

Participant behaviour during the prototype-building phasewas recorded and later transcribed.

These transcripts, together with brief facilitator notes taken during the sessions, were used

to inform post-session interpretation. Although actions were not categorised using a coding

framework, the documentation of how participants progressed through the step-by-step tutorial,

including points of hesitation or success, played a formative role in shaping the subsequent

interview questions and interpretative direction of the study.

Third part: semi-structured interview

Finally, a semi-structured interview presents a series of open questions to understand partici-

pants’ perspectives on the project (Appendix C). The interview aims to get their reflections after

completing the project, asking participants to describe the project in their ownwords, explain

how they perceived the time it took, and how their learning curvewas in the project. Questions on

failures and successfulmoments allowus to understand the process’s bottlenecks and identify

potential solutions that could better support end-user developers.

The study ends by thanking their participation and inviting them to participate in a follow-up

study in the future.

6.2.3 | Inviting Participants

We created a series of posters to invite participants to the user study. We put them up around

the campus of the University ofWaikato, focusing on locations further away from the School

of Computing andMathematical Sciences or the School of Engineering. Students and staff in

those schools are too technically oriented to participate in the study as end-user developers. The

posters included aQR code that directed potential participants to aGoogle Forms pagewhere

they could express their interest in participating. Twenty-one people responded to the call, and

twelve participants participated in the study betweenAugust 2021 andMarch 2022.

6.2.4 | Data Collection Structure

All data for the studywere collected during a single session, comprising three sequential com-

ponents: an initial survey, the prototype-building activity, and a concluding semi-structured

interview. These componentswere designed to operate independently, with no intentional in-

fluence between them froma study design perspective. The survey provided demographic and

perceptual data, primarily used to confirm the overall coherence of the participant group and

to identify potential outliers. It was not used to frame or adapt the interview. The survey and

interview datawere therefore treated as parallel strands, each contributing distinct insights to

the study’s broader aim of understanding end-user developers’ engagementwith instructional

IoT tools.
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6.2.5 | Ethical Considerations

The study received ethical approval from the School of Computing andMathematical Sciences

Ethics Committee at theUniversity ofWaikato. The approval letter is included inAppendixA.

All participantswere informed of the study procedures and providedwritten consent before par-

ticipating in each component of the session: the survey, the prototype-building activity, and the

semi-structured interview. No specific ethical concerns were identified regarding participant

vulnerability, prior relationships, or data sensitivity.

As a result of conducting the studywith twelve participants, we collected the survey’s responses

and 14 hours and 27minutes of video recordings. The recordings included the time taken by the

participants to put together the prototype and the semi-structured interviews.

6.3 | Analysis

In the followingpages, Subsection6.3.1 presentsaquantitativeanalysis of thepreliminary survey,

Subsection6.3.2 showsnotes coming fromobserving theprocess followedbyparticipantsputting

together the prototype, and Subsection 6.3.3 presents a qualitative analysis of the recordings,

including both the phase of assembling the prototype and the semi-structured interviews run

after that.

Brumbyetal. [21] remarkedthatunderstandingpeople’s interactionswithtechnologyrequiresvar-

iousmethodological approaches. In the analysis, we used quantitative and qualitativemethods.

Among different quantitativemethods, surveys provide away to document people’s characteris-

tics, opinions, attitudes, or previous experiences [106]. In the context ofHCI, qualitative research

emphasises understanding the qualities of a particular technology and howpeople use it in their

lives, how they think about it, and how they feel about it [2].

6.3.1 | Preliminary Survey: Quantitative Analysis

The surveywas divided into two primary sections: a) demographics; and b) knowledge and ex-

perience (refer toAppendixD). In the first section, our objectivewas to ensure awell-balanced

distribution of participants, avoiding concentrationwithin specific age ranges or education levels

(for example, a disproportionate number of participants aged 18-24with high school degrees).

In the second section, labelled “Knowledge and Experience,” we aimed to gauge participants’

familiaritywith digital technologies. We sought to gain insight into their relationshipwith digi-

tal devices and services, aswell as their level of awareness concerning public resources such as

internet forums,which theymight turn to for assistance if the project posed challenges during

assembly.

As captured in the first section of the survey, the participants’ agewaswell distributed. Three

of themwere in the 18-24 band, two in the 25-34 band, two in the 35-44 band, four in the 45-54

band and one in the 55-64 band (Figure 6.7). Regarding education, the distributionwas alsowide

(Figure 6.8): one had a high school degree, three had a Bachelor’s degree, five had aMaster’s
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Figure6.7: Age of the participants.

Figure6.8: Highest degree of education completed.

Figure6.9: Computing platforms commonly used.

Figure6.10: Mobile operating systems used.
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degree, and three had aDoctorate.

The next section of the surveywas oriented to capture participants’ knowledge and use of digital

technologies. We presented digital technologies to participants as electronic tools, systems,

devices, and resources that generate, store, or process digital data (in uniform0–1 form). Digital

technologies includewebsites,mobile phones, digital televisions, and digitalmusic players.

The first question of that section asked participantswhich computing platforms they commonly

used, with options for Windows PC, Macintosh and Linux. Two participants indicated that

they useWindowsPCandMacintosh, one indicatedMacintosh and ninemarkedWindowsPC

(Figure6.9). ThesituationofmostparticipantscommonlyusingaWindowsPCsystemcouldhave

representedan issue, as thestudyranonaMacintoshcomputer. But inpractice, thestudyreliedon

Firefox – an Internet browser commonly used inWindows,Macintosh and Linux. Therefore, the

lack of experience using aMacintosh computer did not constitute a problem for the participants.

Digital technologies knowledge

In theKnowledge section, we asked participants to qualify their digital technologies knowledge

(Figure 6.11). In the Setup andConfigure question, themajority (66.67%) considered themselves

Average. When asked about their familiarity with programming using menus, the method of

creating computer programs through a visual interface that presents various options and choices,

half of the participants considered themselvesVery poor (25%) orBelowaverage (25%). Only a

tiny portion of the users (16.67%) considered themselvesAbove average, and none selected the

Excellent option. The question of Coding (writing code) showed evenmore skewed results. A sig-

nificantmajority (58.33%) consider themselvesVery poor, and one participant (8.33%) considers

themselvesBelow average. Several participants consider themselvesAverage (25%), and again,

only one (8.33%) considers themselvesAbove average. Regarding Following instructions, only

one participant considered themselvesBelowaverage (8.33%). Half of the participants thought

theywereAverage (50%), while a significant number thought theywereAbove average (41.67%).

Satisfaction with digital technologies

Weasked participants to identify their level of satisfactionwith digital technologies in the follow-

ing question (Figure 6.12). Participants indicated a high level of satisfactionwithMobile phones:

themajority indicatedSatisfied (58.33%), and a significant number said theywereVery satisfied

(41.67%). RegardingTablets, almost a third statedNeither (27.27%), a considerable number said

Satisfied (45.45%), and another group saidVery satisfied (27.27%). In terms of Computers, the

majority saidSatisfied (58.33%), a small number indicatedNeither (8.33%), and a third stated

Very satisfied (33.33%). WithCar digital tools (e.g., Bluetooth stereo,maps, etc.), participants

gavemore negative responses: a number of them indicated beingDissatisfied (30%), another

group saidNeither (30%), and a third group statedSatisfied (30%), while a small number indi-

catedVery satisfied (10%). RegardingHome appliances, themajority statedSatisfied (58.33%), a

small number indicatedNeither (16.67%) orVery satisfied (16.67%) and even a smaller number

saidDissatisfied (8.33%). WithOther technologies (e.g., ATM, online banking, etc.), a quarter of

the participants saidNeither (25%), and a good number of them indicated beingSatisfied (50%).

The other quarter said beingVery satisfied (25%).
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Figure 6.11: Knowledge. Howwould you qualify your digital technologies knowl-

edge?

Figure 6.12: Experience. Howwould you consider your level of satisfaction with

digital technologies?

6.3. Analysis | 115



Figure6.13: Internet of Things (IoT).Howwould you rate your knowledge of IoT

technologies?

Figure 6.14: Community. How would you rate your awareness of the following

community-based resources?
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Knowledge of IoT technologies

The survey question on IoT asked participants to rate their knowledge of various technologies

(Figure 6.13). We opened with Single-board microcontrollers (e.g., Arduino). A high number

of participants indicated their knowledge as Very low (58.33%), a quarter of them said Below

average (25%), and a third group indicatedAbove average (16.67%). The next area asked about

Cloud services (e.g., databases). A small number of participants saidVery low (8.33%), a third

indicatedBelowaverage (33.33%),most participants saidAverage (41.67%) and another group

consideredAbove average (16.67%). Pointing to their knowledge about Sensors (e.g., temperature,

proximity, etc.), a quarter of the participants saidVery low (25%), half of them saidBelow average

(50%), a small number indicatedAverage (8.33%). In contrast, another group saidAbove average

(16.67%). Thefinal part of this question asked them to consider their knowledge ofActuators (e.g.,

servomotors, smart bulbs, etc.). A large number of participants saidVery low (41.67%), a quarter

indicatedBelowaverage (25%), another quarter saidAverage (25%), and a final group selected

Above average (8.33%).

Awareness of community-based resources

The following question asked participants about their awareness of community-based resources

(Figure 6.14). The first option was the Arduino forum. A majority of the participants in the

study indicatedNot at all aware (83.33%), and aminority saidModerately aware (16.67%). The

next option was Stack Overflow, where more than half indicatedNot at all aware (58.33%), a

quarterSlightly aware (25%), and aminorityVery aware (16.67%). For Reddit, a quarter indicated

Slightly aware (25%), another quarterModerately aware (25%), a thirdVery aware (33.33%), and

the remaining Extremely aware (16.67%). For Other tech forums, a third indicated Not at all

aware (33.33%), a small percentage saidSlightly aware (16.67%), while half of the participants

notedModerately aware (50%). ForMake: magazine,most participantsmarkedNot at all aware

(91.67%), anda small percentage saidModerately aware (8.33%). In the case of Instructables.com,

themajority saidNot at all aware (58.33%), a third notedSlightly aware (33.33%), and a small

percentage saidModerately aware (8.33%). The results were the same for Hacksters.io and

maker.io: a majority indicatedNot at all aware (83.33%), a small number said Slightly aware

(8.33%), while another small percentage indicatedModerately aware (8.33%). Finally, for GitHub,

themajority notedNot at all aware (66.67%), a small number indicatedSlightly aware (16.67%),

while another percentage notedExtremely aware (16.67%).

Asking help online

The survey’s final question asked participants how frequently they asked for help online (Fig-

ure 6.15). The first option asked themabout posting a question in a forum. A small percentage

saidNever (16.67%), themajority saidRarely (58.33%), and a quarter notedSometimes (25%).

The second optionwas about chattingwith experienced people. Several participants saidNever

(16.67%), a smaller group indicatedRarely (8.33%),most participants saidSometimes (66.67%),

and a small number indicated Often (8.33%). The final option was for participants to ask on

socialmedia (e.g., Twitter, Facebook). Several indicatedNever (16.67%), othersRarely (16.67%), a

considerable number saidSometimes (41.67%), another percentage saidOften (16.67%), and a

smaller group saidAlways (8.33%).
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Figure6.15: Helpandassistance. Howfrequentlydoyouaskforhelponline? (beyond

“askingGoogle”)

Figure6.16: Participants’ evaluation of the project in terms of difficulty.

Figure6.17: Participants evaluation of failures and successes frequency.
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6.3.2 | Prototype Building Observations

As described in Subsection 6.2.2, the second part of the user studywas dedicated to building the

prototype for theproposedproject. Wepresentedall the requiredgear after disclosing the scenario

and introducing the StandingDeskMeasuring Project scenario to participants. We showed how

thecards connected toaweb resourceusing theQRcode. Westayed in the roomwhileparticipants

followed the instructions and assembled the prototype, responding to questionswhen they arose

and observing how theywere doing it. The following paragraphs present a series of observations

wemadewhile participants built the prototypes.

Hardware vs. Software

For the participants, the hardware sectionwas straightforward. It took them an average of 12

minutes to assemble the circuit (theminimumwas 9minutes, while themaximumwas 19min-

utes). Thedifference in timecan relate to the speedof reading the instructions. Someparticipants

showed a can-do approach,moving forward faster, while othersweremore concerned about fol-

lowing the instructions precisely. As the built-in LEDon theArduinomicrocontroller lit, several

participants (41%) expressed joywhen connecting the circuit to power. The feedback gave them

confidence, demonstrating that they could adequately assemble the hardware part of the project.

Interestingly, formore than one participant, it was disorienting how to plug theMicroUSB (USB-

B) connector properly. All participantswere familiar withUSB, a standard that has been around

for decades. Nevertheless, therewas amoment of confusion for some of them. TheMicroUSB

connector does not indicate how it should go, and operatingwith exposed electronics did not help.

The software part of the experiment presentedmore complications than putting together the

hardware. This section comprises twelve distinct steps compared to the hardware section, which

has only four steps. Althoughwe can categorise the steps into three distinct areas – a) configur-

ing the cloud service; b) programming themicrocontroller; c) creating a dashboard – theywere

presented to participants as one section.

New vocabulary

The first portion of the software part is related to familiarising participants with the Arduino

IoT cloud. Once they had read a few instructions, we invited participants to go to the Arduino

IoT Cloud and start the process by creating a thing. Unlike the hardware section, this part of

the experiment incorporated a significant new and specific vocabulary for the participants. For

example, in the experiment context, a Thing – spelt with a capital T – is a connected device that

can communicatewith the cloud and interactwith other Things or anything else in the physical

world.

Participants did not verbally express how incorporating these new concepts added a significant

cognitive load to building the prototype. Still, it is noticeable in the recordings that the operation

slowed down as they entered the core of configuring the cloud and creating the software for the

microcontroller.

As the process becamemore complex, participants encountered situationswhere it was difficult
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Figure6.18: Arduino IoTCloud. Add a variable, selecting a variable type.

to identifywhat they needed to do. Although theArduino IoTCloud interface is straightforward

for somebody familiarwith the concepts, it is puzzling for end-user developers, as they are non-

experts and incorporate vocabulary and knowledgewhile building the project.

Arduino IoT Cloud problems

When configuring a variable to store the data,most participants found the process difficult as the

instructions asked them to set up a variable of the type Length – that stores an integer value –

but the pull-downmenu presents a filtered list by default (Figure 6.18). Participants could not

identify that they had to uncheck the button labelledBasic Types to access the complete list of

possible variable types. Althoughwe have not tested it, we believe they could remember that this

needs to be done the second time they have to do it. However, it indeed presented amoment of

confusion for all the participants. Therewas a discrepancy between the instructions andwhat

they saw in the interface. As the creators of the instructionalmaterial, we could have created the

instructions specifying that. Still, aswe do not control the default behaviour of theArduino IoT

Cloud, there could be other discrepancies. What presents as aminor discrepancy helps prove that

having diverse possibilities created and controlled by different parties increases the difficulties

for end-user developers.

After creating the required variable, participantsmust prepare themicrocontroller to be IoT-ready

in the next step. It requires selecting the device from theArduino IoTCloud interface. That part

of the process did not alwayswork. At times themicrocontroller was not immediately recognised,

and participants were significantly puzzled, as they could not understand what to do if their

systemdid not behave as the instructions indicated.
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Table6.2: Themes and codes.

Themes Codes

Knowledge or Experience Big Questions, Learning Curve, Mixed Feelings, Phases, Transferable
Knowledge

Negative Self-Perception Doubts andConfusion, Failures, Fear of Breaking Things, Hands in the
Air, Negative Comments, Negative Experiences, Stress and Anxiety

Positive Self-Perception Curiosity, Done, Enthusiasm, In Awe, Intrinsic Motivation, Positive
Comments, Positive Experiences, Satisfaction, Self Perception, Self-
Efficacy, Success, Uses

Process and Approach AdvisingOthers, Learning andProcess, Modularity, Process, Proposed
Solutions, Suggestions, Understanding, Application, Learning Curve,
Videos

Technical Challenges Complicated, Computer Crash, Hardware, Problems, Technical Diffi-
culties, Technical Support, Technology Frustration, Technology Liter-
acy, Technology Perception, Software

Froma technical point of view, theArduino IoTCloud uploads software updates after recognis-

ing the device. At the time of the experiment, Arduino released aWiFiNINAfirmware update.

WiFiNINA is a library for Arduino boards that supports usingWiFi connectivity through the

NINA (New IntegratedNetworkArchitecture) family ofWiFimodules. A fascinatingmoment

verified our understanding that IoT technologies could be daunting for end-user developers. A

participant ran the study in themorning andworkedwithout inconvenience. The next participant,

in the afternoon of the same day, got stuck at this part of the process, and theArduino IoTCloud

could not finish themicrocontroller configuration. We considered the session a failure. Later in

the day, we could identify the issue through different tests. Themicrocontroller had the library

WiFiNINA 1.4.5. Arduino released a new library version in their IoTCloud between themorning

and afternoon sessions. The computer used for the experiment – an iMacwithOSXEl Capitan

(version 10.11.6) and Firefox 78.12.0esr (64-bit) – could not update the firmware. Connecting the

microcontroller to a newer computer – an iMac withMacOSMojave (version 10.14.6), Firefox

90.0.2 – could update it. Once the firmware update is in place, the older computer can run the

experimentwithout problems. For an end-user trying tomake this prototype at home – perhaps

having only one computer – facing this issuewould have derailed the process. Furthermore, what

isworst, they could not have identifiedwhatwas causing it.

Final notes

All but one of the participants could complete thework and have a functioning prototype at the

study’s end. The participant that could not finish the projectwas confrontedwith the problem

with theWiFiNINA library. That issue stopped the participant from completing the study.

6.3.3 | Transcribed Recordings: Qualitative Analysis

The user study video recording started after participants finished the survey, once they consented

to be recorded. The 14 hours and 27minutes of video recordings include participants’ time to

assemble theprototypeandthe follow-upsemi-structured interview. Wepresenthereaqualitative

evaluation of the recordings’ transcriptions, including the timewhen participants put together

the project and the semi-structured interviews used to finalise the study.

To analyse the recorded data, we employed the thematic analysismethod, a qualitative research

6.3. Analysis | 121



Figure6.19: Heatmap showing the distribution of participant quotations by theme.

methodology to identify and analyse patterns, themes, andmeaningswithin data. The process

included the following steps:

– Transcribing the recordings,

– Coding the data,

– Identifying themes and patterns, and

– Getting insights.

The video recordings were transcribed to text using AssemblyAI5. As a result, the final text

consisted of 63,881words, including all the dialogues between participants and the researcher.

The dataweremanually coded, assisted byATLAS.ti6, a software package used for qualitative

data analysis. Theprocess of coding thedatawasdynamic, startingwith twelvepre-created codes

and allowing the creation ofmore codes, as the text suggested. Thefinal list included 45 different

codes and a total of 812 unique quotations.

After coding all the data, we grouped the codes into five thematic areas (Table 6.2):

– Knowledge or Experience,

– Negative Self-Perception,

– Positive Self-Perception,

– Process andApproach, and

– Technical Challenges.

We created two heatmaps to visualize the distribution of quotations across different codes. This

approach allowed us to ensure codes were distributed among participants in a well-balanced

manner. By plotting the percentage of quotations on the respective code categories, we assessed

the coverage and identified potential errors in the coding process.

5https://www.assemblyai.com/

6https://atlasti.com/
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Figure6.20: Heatmap showing the distribution of participant quotations by code.
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Figure 6.19 presents the distribution of participant quotations corresponding to the five defined

themes7. Rows correspond to the themes,while columns correspond to participants. Each square

shows the percentage of quotations froma participant coded in a particular theme. Therefore, all

the columns sum to 100%. Figure 6.20 shows quotations by participants corresponding to the 45

different codes. We can see some concentration areas (e.g.,Technical Challenges presentmore

quotations thanKnowledge orExperience). Still, there are no visible skews that couldmean the

coding processwas biased.

This chapter’suser studyaims todetermine if anend-userdeveloperwith the relevant support can

successfully build a bespoke IoT project. The subsequent sections present several key findings

resulting from the user study.

Feasibility of non-experts assembling an IoT prototype

In the controlled conditions of our study, whichwas conducted in a lab and provided participants

with specific hardware, software, and instructions, we found that nearly all participants (11 out

of 12) were able to successfully assemble the prototype and achieve a functional project by the

conclusion of the experiment. For the participant (N1) who could not complete the project, the

problem was a library update not transferring to the microcontroller. The complexity of the

problemwas too high for the participant to figure out and eventually solve.

Several participants expressed that theprocesswasstraightforward. According tooneparticipant

(N2), the instructionswere “relatively easy to follow in spite of the jargon, which is always a problem

with instructions, because instructions are alwayswritten by peoplewho knowwhat they’re doing.”

Meanwhile, another participant (N5) expressed surprise at how easy the processwas, saying,

“I’m surprised at how easy it was.” and a third one (N7) showed a change in perspective by stating

“Did youseewhenyou first opened thebox it’s a lot simpler than it first appearsbecause fromsomebody

likemewho doesn’t usually see the inner workings of product, that kind of looks intimidating and I’m

thinking I amnot going to be able to figure out anything here, but actually it’s very straightforward.”

Exploring breaking points in assembling the prototype

Beyond being able to complete the task, the processwas not necessarily smooth for all the par-

ticipants. Through the process, we identified different levels of complexity that led to confusion

or frustration. Participants expressed it in different ways, and coding the recordings with the

‘Doubts and Confusion’ code captured a significant part of what they expressed – the extreme

wasN7, where 21%of the quotations coming from their participationwere codedwith this label

(Figure 6.20).

Our objectivewas to identify breaking pointswhere the confusion or the stresswas so high that

participantswould bewilling to drop the idea of finishing the process. A considerable number of

participants (8 out of 12) expressed that therewere breaking points in the process thatwould have

derailed them if theywere not in the controlled environment of the lab andwith the researcher

supporting them. One of them (3) noted “I would have given up and probably neverwould have got

7In this heatmap and all subsequent ones, zero values have been intentionally omitted tominimise visual clutter and

enhance readability.
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around to sitting down andworking through that.”, and another (7) expressed “Imean, if you hadn’t

been here, if I’d been at home, I would have been stuck at that point not knowing how to actually fix

that problem.” Another participant (11) articulatedwell how the process could feel by saying “So, I

think that Iwould try for a little while. I think if I was to put it into a timeline, I’d give it like an hour,

max, and then I probably throw in the towel and be a bit frustrated if it took that long, I would think

this is easy enough. That’s probably themost frustrating bit of any use of technology. It doesn’t go as

it says, and you can’t figure outwhat’s wrong, and some of the troubleshooting you do doesn’t work.”

Whatwe can see through their comments is that even if they have thewill to create a bespoke IoT

project, theywould not have the eagerness to do it at any cost.

Through the user study, we have observed thatwhen technology fails to respond in away they

can understand,many participantswill not bewilling to pay the cost of getting it working.

Hardware and software

In the study, participants articulated a clear distinction in easiness between the hardware and

software phases. Participant N2 expressed clearly that “The software was the most stressful,

actually.”, while participantN8noted that “All the software requires a lotmore prior knowledge.” to

further explain “But learning to use the software sidewith assembling the dashboard and putting all

the variables and stuff, therewas a lot of information in a very short period of time.” Contrasting to

that, participantN4noted that “Thehardwarepartwasabsolutely straightforward.” andparticipant

N12 said “To be honest, I think the hardware was a bit easier Because it’s nice to have something

tangible that you can playwith.”

We have observed that the impact of the number of steps and the balance between relying on

previous knowledge versus acquiring new knowledge is significant. The hardware part of the

project provided to study participants comprises only a few components that easily click together,

requiring straightforward assembly steps. However, the project’s software side involves amore

extensive set of instructions, and participants face a higher cognitive loadwhen adapting these

instructions to an unfamiliar context through a novel interface. Indeed, theTable of Contents of

the instructions shows that theHardware section has only four pageswhile the Software section

has twelve.

While this insightmay not universally apply to all scenarios involving the interplay of hardware

and software, it is essential to considerwhen supporting non-expert developers in creating their

IoT systems. Specifically, when assisting them in software development, offering greater clarity

and guidance becomes crucial to ensure a smoother andmore successful creation process.

Transferring knowledge

During the user study, participants gained specific knowledge while assembling a prototype

and using IoT technology for the first time. As described in Subsection 6.2.2, they engaged in a

hands-on experience to create a customized IoT project. Though the study’s primary objective

was not educational, we anticipated that participantswould acquire certain knowledge during

this process. This included understanding the components involved, how they interactedwith

each other, and gaining insights into the distinctions between hardware and software and their

interplay.
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It is important tonote that theextentof knowledge transfer variedamongparticipants, depending

on their prior experiences. For example, participants with prior coding experiencemight have

different learning levels than those without coding experience. To assess their progress, we

inquired about their learning process and whether they could apply the knowledge gained in

future experiences.

Throughout the study, participants’ responses revealed their awareness of their learning experi-

ences during the process. ParticipantN5 expressed that they did not feel like they learnedmuch

in a short period, leading to somedifficulties. They recognised the difference between copying

and pasting the code instead of fully understanding it but believed that typing it outmanually in

an educational settingwould reinforce their learning. They likened their experience to learning

basic phrases in a new language but not being equipped to form complete sentences. Participant

N6 shared their perspective, saying, “So, this givesme some faith that I can do a simple task. I think

my problem is I’mwanting to run before I canwalk.” They also added, “I think it was very easy to very

quickly follow the instructions, but understanding is another level of the learning curve. To follow the

steps was shallow, easy.” Participant N8 described the relationship between learning and time,

stating, “But learning to use the software side with assembling the dashboard and putting all the

variables and stuff, there was a lot of information in a very short period of time.” Participant N10

noted, “I don’t know that it’s somuch learning, but kind of like connecting thoughts a little bit.”

Regardingtheability totransfer theknowledgegainedtodifferentprojects, participantsexpressed

mixed feelings despite acknowledging their improved situation after the study. ParticipantN9

highlighted their progress, saying, “I thinkbecause it’s abig leap formebecause Ihadzeroknowledge

of how it works, but now I think I do have a backbone of the how systemworks the next thingwill be a

lot easier.” On the other hand, ParticipantN6 raised a concern, stating, “I guess if you gaveme, I

don’t know, a different board or something and said, now connect that up, then perhapswithout the

instructions, I wouldmay not be able to transfer that knowledge”, exemplifying that completing

the taskwith instructions is distinct from transferable knowledge and does not guarantee the

procedural capacity to do it in a different contextwithout support. ParticipantN11 pointed out

that the study did not provide a deep understanding of how thingswork,mentioning, “You don’t

acquire a lot of knowledge about the understanding of how it works, like how the codemakes it work,

how the boards connect and how they all work.” Participant N12 recognized the study’s impact,

explaining, “So, I thinkwhat it’s done forme, I don’t have enough technical knowledge to apply this

immediately to something else, but it givesme some background understanding of what is involved.

And I think it givesme a few key search terms that I can do.” Overall, the participants recognized

their progress in grasping the concepts, but some expressed reservations about their ability to

transfer that knowledge to entirely different scenarios.

Insummary, theuserstudyprovidedvaluable insights intoparticipants’ learningexperienceswith

IoT technology. While some felt better prepared for future projects, concernswere raised about

transferring knowledge to different scenarios. The study offered a foundational understanding,

but depth in code functionality and board interactions varied among participants. It serves as a

steppingstone for furtherexploration, identifyingkeysearch terms for future learningendeavours

and emphasizing the need for balanced hands-on experiences and instructional guidance.
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6.4 | Discussion

This chapter presented a user study exploring the support an end-user developer can use to

surpass obstacles in building electronic circuits and programming computers to have a functional

prototype of a bespoke IoT project. The study aims to accomplish several key objectives:

– Testing assembly capability

One of the central goals of this study is to ascertain whether end-user developers, when

presentedwith project elements and corresponding instructions, can successfully assemble

the project. To this end, the process involves starting with the TILES IoT Toolkit cards.

These cards are enhanced bymaking themmore tangible by including concrete elements,

suchasphotos. Additionally, theyare connected to instructions through theuseofQRcodes.

This approach creates a bridge between physical components and digital guidance.

– Evaluating support suitability

The study also seeks to assess the adequacy of the provided support. This is achieved by

showing participants the project scenario, the required equipment, and the card linked

to a web resource. Participants are guided through a step-by-step instructional process

resemblingawizard-basedapproach. Thisstepaimstodetermine if thesupportmechanism

effectively assists users in successfully assembling the prototype.

– Transferring knowledge

Another critical objective is to examine howmuch knowledge gained from this exercise

can be transferred to another project under different conditions. This part of the process

involves evaluatingwhether the skills and understanding acquired during the initial project

assembly can be effectively utilizedwhen facedwith a different context and requirements.

In summary, this comprehensive process involves integrating tangible elements, digital instruc-

tions, andstep-by-stepguidance to testusers’ ability toassembleaproject, evaluate thesuitability

of the support provided, and gauge the transferability of acquired knowledge to different contexts,

with additional insights gained from follow-up interviews.

6.4.1 | Insights Gained from the Study

We found that participants could assemble the prototype following the presented instructions

(11/12 participants completed the project). Wehave also found that several strict conditions are

required for their success:

– hardware and software behave exactly as expected,

– tutorials follow preciselywhat is shown in the needed interfaces, and

– everythingworks as expected, with no unexpected hiccups.

The study indicates that participants find the process enjoyablewhen everything goes smoothly.

However, they become quickly frustratedwhen facedwith obstacles. Constructing a personalized
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IoT projectmight involve using unstable technology, resulting in frustration and even potential

abandonment of the project by end-user developers. When encountering situations they struggle

to comprehend fully, participants expressed a preference for reaching out to someone they trust

rather than seeking help through public online forums. This hesitance to engage with online

communities highlights the desire for instant access to an expert, which ultimately restricts or

even renders the creation of personalized IoT projects impractical for end users.

Thestudy’s resultscorroboratethat it ispossible tobridgethegapbetweenanideawithahigh level

of abstraction and a functioning prototype, although the process is quite specific. Participants

have not demonstrated they could build bespoke projectswithout a tailored tutorial. Given the

diversity of options for creating bespoke IoT projects, it is highly improbable to find specific

tutorials for all the possible combinations of hardware and software.

Previous research has focused on supporting end-user developers in defining and ideating an

IoT project. Our study extends into the realisation of a project and demonstrates that end-user

developers can accomplish it, although they need to be strongly supported.

Using an in-the-wild approach, asking participants to develop the project at homewith their tech-

nology could have provided better insights. Future research could also test end-user developers’

ability to combine different tutorials (e.g., hardware and software).

6.5 | Summary

This chapter’s user study aims to evaluate amethod of aiding end-user developers in crafting

personalised IoTprojects, specifically focusingon the challenges of building electronic circuitsand

programmingcomputers. Thecentralhypothesisof this thesis is that, throughadequatesupport, it

is indeed feasible for end-user developers to create bespoke IoT projects successfully. The study’s

findings confirm the feasibility of end-user developers successfully creating bespoke IoT projects

with the right kind of support. However, it highlights the complexity involved and emphasises the

need for targeted assistance, such as step-by-step guidance and real-time troubleshooting tools.

The results suggest potential directions for further exploration, such as improving real-time

supportmechanisms or developingmore intuitive troubleshooting tools.

It has become evident that end-user developers face difficultieswhen encountering unexpected

technical problems, such as troubleshooting faulty circuits or debugging code. These challenges

underscore the importanceofprovidingadequateguidancewhenthingsdonotproceedasplanned.

The subsequent chapter introduces a user study that addresses this issue by evaluating amethod

of assisting end-user developers in diagnosing and rectifying errorswhen facedwith unexpected

setbacks.

128 | Chapter 6. Project Enabler



Chapter 7

Guided Troubleshooting

User Study on IoT Problem-Solving Protocol

“Argh! It doesn’t work!”

I had beenworking on a circuit for two days.

And I had just soldered it.

Now, I was programming it.

But suddenly, it didn’t work anymore.

And didn’t understandwhy.

—OyvindDahl

BuildElectronic CircuitsNewsletter [41]

IN THE PRECEDING CHAPTERS, we examined the experience of end-user developers in IoT project

development and explored strategies to support their ideation and prototype realisation. Follow-

ing the comprehensive long-term study presented in Chapter 4, which helped identify essential

skills such as electronic circuit construction and programming for IoT project creation, Chap-

ter 5 introduced a user study oriented to test how a deck of conceptual cards enables end-user

developers to envision better andmap ideas for their projects. Subsequently, in Chapter 6, we

expanded the TILES IoT Toolkit to assist end-user developers in turning abstract ideas into

functional prototypes. Our observations revealed that end users derive enjoymentwhen their

projects progress smoothly but quickly become frustratedwhen facedwith obstacles. Notably,

we recognised that the technology can be unstable, often leading tomalfunctions that develop

unexpectedly over time. Such instances leave end-user developers perplexed and frustrated.

Our fourth research question, RQ4, inquires into the specific forms of support necessary for these

developers:

RQ4|What formsofsupportdoend-userdevelopers require toefficiently identifyandresolve

issues in their IoT projects?
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Exploringthe landscapeofsupportmechanismsavailable forIoTtroubleshootingrevealsacritical

challenge: resources, thoughplentiful, are oftendisorganisedanddispersedacross theWeb. This

disarray significantly obstructs end-user developers from accessing and effectively using the

support they need.

Cognitive LoadTheory, as introduced by Sweller et al. [165], posits that structured information

presentation enhances understanding and retention and is essential in complex troubleshooting

scenarios,whicharecommonplace in IoTprojects. Addressing thiscrucialgap, ourstudyassesses

the impact of a troubleshooting guide tailored to assist end-user developers in identifying and

resolving issues. Wehypothesise that providing sequential guidance for isolating problemswill

significantly improve developers’ ability to troubleshoot effectively.

We hypothesise that a carefully crafted guide, providing sequential steps to isolate problems, will

enhance developers’ ability to identify and resolve issues, thereby streamlining the development

process. Thishypothesisrestsonthe ideathatstructuredmethodscandemystify troubleshooting,

making itmore accessible for end-user developers. By linking our study’s goals to the fragmented

current support systems, we illustrate how structuredmethods can improve the coherence and

usability of IoT troubleshooting. Although our findings support that such protocols can drive

meaningful improvements, they do sowithin specific limitations. This framing does not detract

from the value of our results but instead sets a practical scope for applying and exploring guided

processes in IoT development.

We conducted a user study to test our hypothesis that a problem-solvingmethod helps end-user

developers isolate and address IoT project issues. The study aims to validate guided strategies

using tailored instructionalmaterials like step-by-step cards andwebsite guidelines to provide

accessible troubleshootingsupport. These toolsaredesignedtoreducecognitive loadand improve

problem-solving efficiency. The following sectionsdetail the study’smethodology, outcomes, and

analysis, providing evidence for the value of structured problem-solving approaches in enhancing

end-user development in IoT.

After these introductory paragraphs, this chapter unfolds as follows: Section 7.1 presents the

user study design and Section 7.2 describes themethod for executing it. Section 7.3 presents

ourmethodology for data analysis andSection 7.4 introduces a comprehensive analysis of the

collected data. Looking at these insights, Section 7.5 discusses our findings in identifying issues

in IoT projects and the associated challenges. Culminating our exploration, Section 7.6 recapitu-

lates the key takeaways from this chapter, providing a concise summary of our investigation.

7.1 | Designing the User Study

This section details our approach to a user study to evaluate support tools for non-experts trou-

bleshooting bespoke Internet of Things (IoT) systems. Our goal is to assess the effectiveness of a

structured checklist protocol, akin to those used inmedical settings, in enhancing non-experts’

ability to identify and resolve IoT system issues.
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Figure 7.1: TheAustralia andNewZealand edition of the Surgical Safety Checklist.

Reproduced fromRoyalAustralasianCollege of Surgeons, https://www.surgeons.org.

Drawing inspiration from the Surgical Safety Checklist used in healthcare (Figure 7.1), we have

adapted this idea to suit the IoT context. In surgery, checklists ensure vital safety steps are fol-

lowed. Similarly, our studyuses a card-basedprotocol, guidingnon-experts through troubleshoot-

ing. The analogy here emphasises the importance of structured, step-by-step approaches in

complex tasks.

Ouruserstudycombinesacard-basedprotocol inspiredbymedicalsafetyprocedureswithQRcode

links to an instructional website. Recognising that end-user developersmight lack the technical

depth to follow these steps independently,we supplement the cardswith an instructionalwebsite.

Thiswebsiteprovidesdetailed instructionsandenables easyaccess tonecessary code, facilitating

amore efficient and accurate troubleshooting process. Thismethod provides a systematic and

structured approach for non-experts in troubleshooting bespoke IoT systems. We evaluate its

effectiveness in helping participants pinpoint and address errors in IoT projects.

Wehave labelled the user study asBreakThisGlass, a concept inspired by physical objects like fire

extinguisher cabinets andemergencyalarmsystems. In those contexts,BreakThisGlass involves

breaking a glass cover to access emergency tools or trigger alarms. In our case, we use cards and

instructionalmaterials to provide end-user developerswith a protocol for specific actions required

in exceptional situations, such as system failures or any scenariowhere intervention is needed to

rectify a systemmalfunction.
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Figure 7.2: Project structure showing the three cards presented to participants.

Figure 7.3: Microcontroller cards used in the user study: Microcontroller 1 & 2.
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Figure 7.4: Sensor card used in the user study: Distance.

7.1.1 | Preparation

Our initial step, in preparation for theuser study, involved creating adiagrammatic viewof the IoT

project used in the previous study (Figure 7.2), which laid the foundation for our troubleshooting

approach. Inspired by the Surgical Safety Checklist, we developed a series of cards to guide

participants through different aspects of troubleshootingwithin the project. We refined this to

three key cards, which are central to our study (Figure 7.3 andFigure 7.4).

Each card is designed to guide participants through the troubleshooting process sequentially,

featuring tick boxes that allow for systematic progress tracking. Furthermore, these cards in-

clude aQR code linking to an instructionalwebsite (Figure 7.5), thus creating a comprehensive

hybrid tool that bolsters the problem-solving capabilities of end-user developerswithin a custom

IoT system. Thiswebsite provides detailed instructions, aiding participants in identifying and

understanding the causes ofmalfunctions. By integrating tangible and digital elements, this

approach significantly enhances the efficiency of the troubleshooting process.

7.2 | Study Method

In our study, we employed the aforementioned bespoke cards alongside the specially designed

website toexplorewhetherend-userdeveloperscouldeffectively identifyandresolve issueswithin

acustomIoTproject. Participantswereengagedwithaproject thathadbeendeliberatelymodified

to introduce a softwaremistake: amismatch between the physical connection of the sensor to

themicrocontroller (using port D0) and the software configuration, which erroneously used port

D7, following the default setting in the Ultrasonic library. This misconfiguration resulted in

systemmalfunction. Taskedwith utilising the guidance provided by the physical cards and the

instructional website, participants aimed to diagnose and correct this discrepancy, testing their

ability to address and solve the problem effectively.

The phases and procedures are outlined in Subsection 7.2.1, the participant invitation process is

described in Subsection 7.2.2, and the Subsection 7.2.3 details the structure and relationship
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Figure7.5: Initial page of the instructionalweb resource, accessed by users through

theQR code on theMicrocontroller 1 card.

between the different components of data collection, andSubsection 7.2.4 outlines the ethical

approval and consent procedures.

7.2.1 | Parts and Procedure

In the initial phase of our user study, participantswere greeted andwelcomed, setting a cordial

tone for the engagement. Following the introduction, wemoved into the different parts of the

study, as presented in the following sections.
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Participantswere introduced to thematerials through a brief verbal presentation delivered at the

beginning of the session, outlining the objective of the activity: to identify and resolve a fault in

amalfunctioning IoT prototype. The physical setupwas presented alongside the instructional

cards, which included a step-by-step diagnostic protocol with checkboxes and the corresponding

support website. Participants were instructed to follow the provided instructions, combining

physical inspectionwithdigitalguidance. Verbalconfirmationwasusedtoensureeachparticipant

understood how to proceed before beginning. No additional orientation or trainingwas provided.

First part: survey

ParticipantswerepresentedwithaQualtricsSurvey that includedquestions for recordingconsent,

ensuring ethical compliance and transparency in data collection.

The survey is divided into two sections: demographics and knowledge/experience, as detailed in

AppendixD. The demographic section collects basic information such as age and education level.

In the knowledge and experience section, we explore the participants’ familiarity with digital

technologies, including the Internet ofThings (IoT), and their awareness of community resources

and supportmechanisms. The survey is almost the sameasused in the previous study (presented

in Chapter 6), with an extra question designed to gauge participants’ problem-solving skills and

ability to identifymalfunctions in electrical, electronic, or digital devices: “How obvious is it for you

to spot the cause of an electrical, electronic or digital devicemalfunction?”

Second part: use of instructional cards and website

After securing consent after the survey, we commenced recording to chronicle the study proceed-

ings. Participantswereacquaintedwiththeexperimentalarrangement, includingacustomcircuit

and specialised cards integral to troubleshooting. The utility of these cardswasmeticulously

explained, underscoring their connection to online tutorials that serve as digital aids.

As the study progressed into its second phase, we presented a comprehensive diagram of the

custom IoT project. It was accompanied by three physical cards with QR codes linking to dig-

ital instructions. This innovative approach effectively merges tangible guidance with digital

resources, streamlining the error identification process. Through a wizard-style sequence on

our instructional website, participants systematically reviewed each project component to detect

malfunctions. This structured, user-friendly methodology was designed to enhance the trou-

bleshooting process. The task offered insight into how effectively the providedmaterials and

instructions supported participants in identifying and resolving issues. Furthermore, insights

were gained into participants’ strategies for overcoming challenges, shedding light on the support

system’s success in navigating unexpected issues.

Completion of the diagnostic taskwas defined as reaching the final stage of the instructionalma-

terial, successfully identifying the fault in the system, and restoring theprototype to a functioning

state. Theerrorwasdeliberately embeddedandhadaknown resolutionpath. All participantsulti-

mately completed the task; however, a few required facilitator assistance to locate the problem, as

they had difficulty identifying it independently. No partial success criteria or performance thresh-

oldswere defined, as the primary aimwas to observe howparticipants navigated the diagnostic

process using the provided supportmaterials.
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This phase prepared participants for the tasks ahead and established a foundation for the subse-

quent semi-structured interview, designed to elicit insightful feedback on their experience.

Third part: semi-structured interview

Thefinal component of the study involved a semi-structured interview, detailed inAppendixC,

where participantswere asked a series of open-ended questions to capture their perspectives on

the project. This interview sought to gather participants’ reflections post-completion, encour-

aging them to describe their experience in their own words. Key areas of focus included their

perception of the time investment required, the learning curve they experiencedwhile engaging

with the project, and their overall journey. By discussing both their failures and successes, we

aimed to identify the critical bottlenecks in the process and explore potential solutions that could

more effectively support end-user developers in similar IoT projects.

7.2.2 | Inviting Participants

Building on the experience gained from the user study detailed in Chapter 6, we developed a

series of posters to recruit participants for a new study. These posterswere strategically placed

across theUniversity ofWaikato campus, especially in areas not predominantly associatedwith

technical disciplines like the School of Computing andMathematical Sciences or the School of

Engineering. Ourgoalwas toengageadiversegroupofparticipants, particularly thosewhomight

not have a strong technical background, aligningwith our focus on end-user developers. Each

poster included aQR code linking to aGoogle Forms page for expressing interest in the study.

In response to the posters, 22 individuals completed the interest form. Additionally, we contacted

27 people fromour previous study’s respondent pool, including the 12who had participated in it.

Ultimately, 12 participantswere involved in the study betweenNovember 2022 and July 2023.

Four out of the twelveparticipantshadpreviously participated in the studypresented inChapter6,

rendering themmore cognisant of the project and somewhat acquainted with the associated

technology. Nevertheless, the temporal span between their involvement in these two studies

ranged from a minimum of seven months to a maximum of one year and six months. Given

that end-user developersmay not engagewith this technology regularly, it is plausible that their

recollection of it is somewhat limited.

7.2.3 | Data Collection Structure

The study consisted of three distinct components: an initial survey, a diagnostic task involving

instructionalmaterials, and a concluding semi-structured interview. These componentswere

conductedwithin a single session, but played differentmethodological roles. The survey was

primarily used to identify potential outliers in the participant cohort and was not intended to

informor interpret the interview results. In contrast, the diagnostic task directly influenced the

subsequent interview by providing a shared experiential context; this enabled the facilitator to

tailor questions in response to each participant’s specific actions or omissions during the task.

Data from the survey and the interviewswere analysed independently, contributing to parallel
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interpretative strandswithin the study.

7.2.4 | Ethical Considerations

The study received ethical approval from the School of Computing andMathematical Sciences

Ethics Committee at theUniversity ofWaikato. The approval letter is included inAppendixA.

Informed consentwas obtained fromall participants before the commencement of the session,

which included the survey, diagnostic activity, and post-task interview. Participants were in-

formed that video and audio recordingswould bemade for research purposes. No specific ethical

concernswere identified regarding participant vulnerability, data sensitivity, or prior relation-

ships.

7.3 | Methodology for Data Analysis

Completing our user study yielded a substantial collection of data, encompassing survey re-

sponses, detailed video recordings totalling 13 hours, 21minutes, and 56 seconds, and responses

to three Likert scale questions from the latter part of the semi-structured interviews. These

recordingsmeticulously documented participants’ engagementwith the instructionalmaterials

and their reactions during the interviews, providing a foundation for quantitative and qualitative

analysis. This comprehensive data set highlights the participants’ experiences and viewpoints

and includes insights from the Qualtrics survey and a nuanced examination of the video and

interview responses. Our analytical approach combined statistical tools for survey data with

thematic analysis for the video content and interview feedback. This integratedmethodology

ensures a thorough understanding of participant interactions and experiences. The subsequent

sections detail the preparatory steps and the analytical framework used, setting the stage for an

exhaustive andmulti-dimensional analysis of the collected data.

7.3.1 | Preparing for Quantitative Analysis

As a result of the user study, we have two distinct data sets for quantitative analysis: data derived

from the preliminary survey and data from the final questions in the semi-structured interviews.

The preliminary survey, akin to the approach in our preceding study, was partitioned into two

segments: a) demographics; and b) knowledge and experience (AppendixD). TheDemographics

section aimed to ensure a heterogeneous participant distribution. Ensuring a fair distribution of

participants across various demographics, particularly age and educational backgrounds, before

commencing a deeper qualitative analysis was essential to prevent the over-representation of

specific groups, such as an abundance of 18-24-year-oldswith high school education. In the event

of such skewed representation, wewould have rolled back and addedmore participants to the

user study.

In theKnowledge andExperience segment, the survey sought to gauge participants’ familiarity

with digital technologies. This assessment encompassed their interactionswith digital devices
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Table 7.1: Themes and codes.

Themes Quotations Codes (Quotations)

Challenges 365 Confusion (112), Uncertainty (106), Frustration (35), Lack of
knowledge (9), Self-doubt (8), …

Keywords 189 Technology (28), Interest (11), Success (11), Testing (11), Con-
firmation (8)…

Achievement 173 Curiosity (18), Clarity (14), Confidence (10), Efficiency (10),
Satisfaction (7), …

Learning and knowledge acquisi-
tion

128 Problem-solving (51), Decision-making (8), Trial and error
(8), Experimentation (5), Observation (5), …

Technology-related challenges 131 Technical difficulties (17), Technical troubleshooting (14),
Troubleshooting (12), Technical knowledge (7), Technical
(6), …

Cognitive processes 59 Attention to detail (12), Self-reflection (5), Analytical think-
ing (4), Comprehension (3), Categorization (2), …

Perception 59 Questioning (6), Surprise (6), Doubt (4), Expectation (4), Re-
gret (3), …

Instructions 43 Instructions (27), Technical instructions (3), Following in-
structions (2), Adherence to instructions (1), Awareness of
the importance of instructions (1), …

Coding skills 36 Coding (3), Task completion (2), Time estimation (2), Time
management (2), Basic functions (1), …

Seeking information 25 Desire for clarity (2), Need for clarification (2), Assistance
(1), Desire for control (1), Desire for explanation (1), …

and services and their awareness of public digital resources like internet forums, which could

be pivotal during the project’s assembly phase. The survey clarified to participants that ‘digital

technologies’encompasselectronic tools, systems,devices, andresourcesfunctioningwithdigital

data, primarily binary 0s and 1s, including but not limited to websites, mobile phones, digital

televisions, andmusic players. This sectionwas designed to understand participants’ interaction

levels with digital technologies, focusing on familiarity and satisfaction rather than technical

expertise.

In the concluding phase of the semi-structured interviews, participants responded to three key

questions using Likert scales:

– Evaluation of the process in terms of difficulty.

– Frequency of encountering uncertain situations.

– Regularity of experiencing clarity in the action path.

This structured approach enabled the quantification of data. Such visual representationswill fa-

cilitate deeper insights into participants’ perceptions of the process, enriching our understanding

of their profiles and experiences.

7.3.2 | Preparing for Qualitative Analysis

Following themethodology of our prior study (Chapter 6), we recorded videos post-surveywith

participant consent, totalling 13 hours, 21minutes, and 56 seconds. These recordings detailed

participant interactionswith the study protocol and interviews.
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Figure 7.6: Percentage distribution of quotations by participants and themes.

We applied thematic analysis to the video data for an in-depth understanding of participant

experiences. The recordingswere transcribed into a 79,166-word dataset using AssemblyAI1,

capturing all participant-researcher dialogues.

For further analysis, we used ATLAS.ti2, employing its AI Coding feature to initially code the

data. This process identified 183 codes, organized into ten thematic categories (Table 7.1), and

annotated 514 quotations from the 12 participants.

Mirroring our approach in Chapter 6, we created a heatmap to display the distribution of quo-

tations across codes, ensuring even spread and identifying any coding errors. The heat map

(Figure 7.6) shows participant quotes across ten themes, with rows for themes and columns for

participants. Each cell reflects the percentage of quotes per participant per theme, totalling 100%

across all columns. This visualisation affirms the integrity of our coding process, demonstrating

a fair distribution of quotations across both codes and participants. Despite certain themes, such

asKeywords, accruingmore quotations, this does not signify a concentration that could suggest

bias. Theequitable spreadof quotationsensures thatnosingle areadisproportionately influences

the analysis, reinforcing the objectivity of ourmethodological approach.

Our analysis is divided into two parts based on the distribution of quotations across themes. The

first part focuseson the top three themes–Challenges,Keywords, andAchievement, accounting for

58%of the quotations, which are analysed individually. The remaining 42%, comprising themes

1https://www.assemblyai.com/

2https://atlasti.com/
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likeLearning andKnowledgeAcquisition,Technology-RelatedChallenges, and others, are grouped

into conceptual categories: Educational Processes,Technological Competence, and Information

Utilisation for collective analysis.

This final list outlines the themes and categories applied in analysing participants’ comments

from the user study.

– Theme#1: Challenges

– Theme#2: Keywords

– Theme#3: Achievements

– Conceptual Category#1: Educational processes

Themes: Learning and knowledge acquisition,Cognitive processes, andPerception.

– Conceptual Category#2: Technological competence

Themes: Technology-related challenges, andCoding skills.

– Conceptual Category#3: Informationutilisation

Themes: Seeking information, and Instructions.

TheTheme#1: Challenges accounts for 29%of participant quotations (Figure 7.6), primarily

featuring emotional responses likeConfusion (112 quotations),Uncertainty (106 quotations), and

Frustration (35 quotations), which together constitute approximately 69%of this theme’s quotes.

These responses highlight a common experience among participants. The remaining 30% of

quotes in this theme fall into three categories: Other emotional responses, covering additional

emotional reactions to challenges;Cognitive limitations, reflecting issues in understanding or

processing information; andSituational difficulties, on external challenges unrelated to personal

or emotional factors.

Following, theTheme#2: Keywords emerges as the secondmost significant, comprising 189

quotations across various codes such asTechnology, Interest, andSuccess, and accounting for

an average of 16%of quotations per participant (Figure 7.6). These keywords are conceptually

categorised into five groups: Cognitive and LearningAspects (12 codes, 40 quotations), Commu-

nicationand Interaction (10 codes, 16quotations),Emotional andPsychologicalFactors (15 codes,

35 quotations),Methodology andProcess (12 codes, 34 quotations), andTechnical Aspects and

Tools (13 codes, 56 quotations).

TheTheme#3: Achievements encompasses 132 quotations, accounting for 13%of participant

quotations. It includes 73 unique codes, with themost frequent beingCuriosity (18 quotations),

Clarity (14), Confidence (10), Efficiency (10), and others with fewer quotations. The analysis

priorities codeswith higher quotations, such asCuriosity,Clarity,Confidence, andEfficiency. The

remaining codes are grouped into Personal Growth andMotivation (30 codes, 46 quotations),

OutcomeandProcessEvaluation (17codes,31quotations), andEngagementandSocialDynamics

(22 codes, 44 quotations).
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Finally, theConceptual Category #1: Educational processes encompasses themes such asLearn-

ing and knowledge acquisition,Cognitive processes, andPerception. TheConceptual Category#2:

Technological competence, combinesTechnology-related challenges and Coding skills and the

final category,ConceptualCategory#3: Informationutilisation, includesSeeking information

and Instructions.

The following section presents insights fromour user study, focusing on user engagement, chal-

lenges, and learning behaviours in IoT projects. These findings are crucial for developingmore

effective support and educational resources for end-user developers.

7.4 | Analysis

This section presents key insights fromour user study on a toolkit – cards and onlinematerial –

designed to assist end-user developers in IoT projects. Insights include user engagement, chal-

lenges, and learning behaviours derived from surveys, observations, and analysis of recordings.

These findings highlight difficulties faced by end users in troubleshooting IoTmalfunctions and

identify knowledge gaps in the IoTfield, aligningwith our goal of providing necessary support

for IoT system creation and use. Moreover, while illustrating the efficacy of our intervention

in a particularly narrow scenario, these results underscore the inherent challenges of formulat-

ing a universal approach. This information is crucial for developing focused support tools and

educational resources to improve IoT system efficacy and user-friendliness.

In the following sections, Subsection 7.4.1 presents the demographic from theuser study. Subsec-

tion 7.4.2 shows the background of the participants in the user study. Subsection 7.4.3 presents

user engagement and experience insights. Subsection 7.4.4 highlights challenges users faced

in navigating and troubleshooting the IoT system, utilising data fromprocess observations and

transcribed recordings. Subsection 7.4.5 discusses howusers learned and adapted, drawing on

findings from the preliminary survey, process observations, and transcribed recordings. Subsec-

tion 7.4.6 focuses on key insights from the transcribed recordings, particularly on participant

feedback.

7.4.1 | Demographics

The demographics of our user study, coming out from the preliminary survey, indicate a diverse

distributionofparticipants’ ages. Specifically, theagedistributionwasas follows: oneparticipant

was under 18, four fell within the 18-24 age range, fourwere in the 25-34 age range, twowere in

the 35-44 age range, and one participant was 65 or older (Figure 7.7). Notably, a conspicuous

absence of participants fell within the 45-54 or 55-64 age brackets, indicating a skew toward

individuals under 45 in this sample group.

The distribution of participants in our user study reveals a diverse range of educational back-

grounds (Figure 7.8). Specifically, we found four participants held a high school degree or equiva-

lent (e.g., GED),making it themost prevalent educational qualificationwithin our sample group.

Three participants each possessed a Bachelor’s degree (e.g., BA or BS) and a Doctorate (e.g.,
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Figure 7.7: Age of the participants.

Figure 7.8: Highest degree of education completed.

PhD), showcasing amix of undergraduate and advanced academic backgrounds. Additionally,

two participants held aMaster’s degree (e.g.,MA,MS,MEd), indicating a level of postgraduate

education within the cohort. These findings highlight the variety of educational experiences

among our study’s participants, which can be critical in understanding their perspectives and

interactionswith thematerial presented in the study.

Our participants’ diverse ages and educational backgrounds provide a broad spectrum of per-

spectives and learning approaches, which are crucial in understanding how end-user developers

interactwith IoT systems. This diversity helps ensure that the insights gleaned fromour study

represent awide range of user experiences and challenges, thereby enriching our understanding

of howdifferent groupsmight approach problem-solving in the context of IoT projects.

7.4.2 | Background Knowledge of Participants

This section introduces participants’ backgrounds based on survey results, highlighting their IoT

knowledge and experience. This context aids in interpreting their interaction, troubleshooting

challenges, and learning outcomes, informing our analysis of engagement and feedback from

testing cards, website navigation, and interviews.
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Figure 7.9: Computing platforms commonly used.

Figure 7.10: Mobile operating systems used.

Figure 7.11: Knowledge. Howwould you qualify your digital technologies knowl-

edge?

Computers and mobile devices

The survey began by asking participants about their computing preferences: 7 choseWindows

PC, 4Macintosh, and 1 used both, aligningwith concerns about the dominant use ofWindows

despite the study being conducted on Macintosh (Figure 7.9). The use of the cross-platform

Firefox browsermitigated potential issues. Mobile OS preferences showed 4 for Android and 8

for iOS (Figure 7.10), noting an interesting contrast inApple device usage betweenmobile and

computers.

Digital technologies knowledge

Participants assessed their digital technology skills in the survey’s Knowledge section (Fig-

ure 7.11). For Setup andConfigure, 41.67% rated themselves asAverage, 25%asAbove average,
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Figure 7.12: Experience. Howwould you consider your level of satisfaction with

digital technologies?

and 16.7% asExcellent, with a small number feelingBelowaverage orVery poor (8.33%each). In

menu-driven programming, 58.33% feltAverage, while 16.7% eachwereBelow average andVery

poor, and 8.33%Above average. For coding skills, 50% considered themselvesVery poor, 33.33%

Average, and aminor fraction eitherBelow average orAbove average (8.33%each). Conversely, in

Following Instructions, 58.33% rated themselvesAbove average and 41.67%Average.

This section revealsmost participants view their digital technology andmenu-driven program-

ming knowledge asAverage, but half rate their coding skills asVery poor, suggesting a gap in

coding proficiency. Yet, a strong ability to follow instructionswas noted, with amajority rating

themselvesAbove average, highlighting varied skill levels among participants and informing the

analysis of user study outcomes.

Satisfaction with digital technologies

TheExperience section of the survey asked participants about their satisfactionwith digital tech-

nologies (Figure 7.12). In theExperience section, participantswere asked about their satisfaction

with digital technologies, includingmobile phones, tablets, computers, car digital tools, home

appliances, and other technologies likeATMs and online banking (Figure 7.12) –most reported

satisfaction across these categories. Specifically, mobile phones saw 8 out of 12 participants

satisfied, with the remainder highly satisfied. For tablets, half were satisfied, a third neutral,

and the rest highly satisfied. Computers had an even split of satisfaction among 6 participants,

with 41.6% highly satisfied and one neutral. Car digital tools had 75% of respondents highly

satisfied, albeit two expressed dissatisfaction. Home applianceswere positively received bymost

(10 participants), with two neutral. Notably, satisfaction with ATMs and online banking was

unanimous.
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Figure 7.13: Internet of Things (IoT). Howwould you rate your knowledge of IoT

technologies?

These results suggest participants’ high satisfaction level with digital technologies, indicating

general comfort and familiarity. High satisfactionwith home appliances and car tools highlights

their perceived effectiveness and ease of use. However, neutrality and dissatisfaction, especially

with car tools, suggest areas for further user experience research and improvement, underscoring

the significant, generally positive impact of digital technology in daily life.

Knowledge of Internet of Things technology

In the IoT section of the survey (Figure 7.13), participants assessed their knowledge of IoT tech-

nologies, such asArduino, cloud services, and various sensors and actuators, tomeasure their

familiaritywith key IoT components. This evaluation aimed to identify needed support types and

ensure a balanced representation of technological expertise among end-user developers.

Survey results showed varied understanding of IoT technologies. For Arduino and similarmicro-

controllers, 41.6% reported very low knowledge, 33.3%below average, with only a few claiming

average or above average knowledge. Cloud services saw amore positive response, with 58.3%

rating their knowledge as average, a few as below average or very low, and two as very high.

Knowledge of sensors paralleled that ofmicrocontrollers, withmany participants indicating low

familiarity. Actuators saw a more evenly distributed knowledge level, with participants split

across very low, below average, and average categories.

The survey indicates diverse familiaritywith IoT technologies amongparticipants,with a notable

gap in understanding foundational components likemicrocontrollers and sensors. Conversely,

cloud services appearmore familiar, suggesting different support requirements for participants

in IoT projects.
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Figure 7.14: Community. How would you rate your awareness of the following

community-based resources?

Community

The survey explored participants’ familiarity with community-based resources critical for IoT

projects, including theArduinoForum,StackOverflow,Reddit, and various online platforms and

publications likeMake:magazineandGitHub (Figure 7.14). This aimed toassess their awareness

of support and troubleshooting resources.

Findings show a general lack of awareness: 83.3%were unfamiliar with theArduinoForum, 75%

withStackOverflow, and over 90%withMake:magazine, Instructables.com, andHacksters.io.

Reddit sawmore balanced awareness, with amix of participants across awareness levels, and

GitHub had a slightly better spread of awareness, yet 50% remained unaware.

These results highlight a significant gap in familiaritywith essential IoT community resources,

suggesting participantsmay lack knowledge crucial for troubleshooting and learning. The vari-

ance in awareness of platforms likeReddit andGitHub suggests some exposure to digital plat-

forms. Still, overall, there is a clear need for educational initiatives to improve engagementwith

community-based IoT resources.

Help and assistance

Thesurveyassessedhowparticipantsseekonlinehelp fordigital technology issuesbeyondGoogle

searches, exploringmethods like forum posts, chats with experienced individuals, and social

media inquiries (Figure 7.15). This aimed to identify preferred methods for resolving digital

technology challenges.
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Figure7.15: Helpandassistance. Howfrequentlydoyouaskforhelponline? (beyond

“askingGoogle”)

Responses to posting in forums showed 33.3% sometimes do so, 25% rarely, another 25%never,

with smaller percentages often or always engaging. For seeking help through chats, 33.3% some-

times engage, 25%never, and the rest vary between often and always, with a small portion rarely

using thismethod. Socialmedia usage for helpwasmixed, with 33.3%occasionally, 25% rarely,

and differing levels of regular use.

Participants exhibited varied preferences in seeking online assistance, with a notable number

occasionally turning to forumsor socialmedia. This indicates a spectrumof approaches to obtain-

ing help, from formal forums to casual chats and socialmedia platforms, highlighting the need

for amulti-faceted support system to effectively address the diverse needs of end-user developers

in IoT projects.

Identifying problems

The survey assessed participants’ skills in identifyingmalfunctions across various device cat-

egories, including household and smart appliances, audiovisual systems, remotely controlled

devices, computers, andwireless devices (Figure 7.16).

– HouseholdAppliances: 41.7% reportedmoderate ease, 25% found it slightly easy, another

25%very easy, and 8.3% extremely easy.

– Smart Appliances: Half experiencedmoderate ease, a third found it slightly or very easy

(16.7% each), and 8.3% extremely easy.

– Audiovisual Systems: A third found it slightly easy, 25%moderately easy, and one-third

experienced it as very or extremely easy (16.7% each), with 8.3%finding it not at all easy.

– RemotelyControlledDevices: A third stated it was slightly easy, half reportedmoderate to

very easy (25%each), with small groups experiencing extreme difficulty or ease (8.3% each).
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Figure7.16: Identifyingproblems. Howeasily canyouspot the causeof anelectrical,

electronic or digital devicemalfunction?

– Computers: Half found diagnosingmoderately easy, a quarter very easy, 16.7% extremely

easy, and 8.3% slightly easy.

– WirelessDevices: 41.7% statedmoderate ease, 25% very easy, and a third found it either

extremely difficult or easy (16.7% each).

– OtherDevices: Over 80% found it slightly ormoderately easy (41.7% each), and 16.7%experi-

enced it as very or extremely easy (8.3% each).

The results indicate varied confidence and ability in diagnosingmalfunctions, with higher ease

reported in household and smart appliances, and a broad capability range across other categories.

Following a process

The survey questioned participants about their troubleshooting routines across various device

types, including electrical and electronic devices, computers (hardware and software), mobile

phones, tablets, network connectivity, printers, and others (Figure 7.17).

– Electrical Devices: 41.7% sometimes, 25% rarely, and 16.7% often follow a routine, with

8.3%always and never doing so.

– ElectronicDevices: Half sometimes, 25% often, and 16.7% always follow a routine, with

8.3% rarely and none never.

– Computer Hardware: Practices varied; 50% rarely, 16.7% sometimes or often, and 8.3%

always or never follow a routine.

148 | Chapter 7. Guided Troubleshooting



Figure 7.17: Process. Do you have a set of steps you always follow to find the cause

of a problemormalfunction?

– ComputerSoftware: A third often, 25% sometimes or rarely, and 8.3%always or never use a

routine.

– Mobile Phones: Half sometimes, a quarter often, 16.7% always, and 8.3% rarely follow a

routine.

– Tablets: Half sometimes, 16.7% rarely or always, 8.3%often, and another 8.3%never follow

a routine.

– Network Connectivity: Half often, 16.7% sometimes or always, and 8.3% rarely or never

follow a routine.

– Printers: 25% rarely, 16.7% sometimes, often, or always, and 16.7%never follow a routine.

– OtherDevices: Half sometimes, 16.7% rarely or always, 8.3%often, and 16.7%never follow

a routine.

Thefindingsrevealdiverseapproaches to troubleshooting,withnotablehabits likeoften following

a routine for network connectivity issues and varied practices for other devices, reflecting the

participants’ flexibility and adaptability in addressing technical problems.
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7.4.3 | User Engagement and Experience

In this subsection,we present howparticipants engagedwith and experienced the toolkit of cards

and online instructions. The insights presented here come from the recordings, our observations

during the process and the final semi-structured interviewwith participants.

Emotional and psychological factors

Thissectionaddresses theemotionalandpsychological impactof interactingwithtechnology, cov-

ering emotional responses,motivations, and impacts, includingSuccess,Difficulty, andProgress.

Key insights include:

– Hierarchy (ParticipantN1): Highlights emotional relief from structured approaches, reduc-

ing frustration and uncertainty.

– Success (Participants N3 and N11): Describes the validation and achievement felt upon

completing tasks, underscoring how success boosts confidence and satisfaction.

These examples underscore the significant role emotional and psychological factors play in tech-

nology interaction, highlighting the importance of structured problem-solving, as facilitated by

the resources created for this user study and the positive effects of completing technical tasks.

Hardware vs. Software

Participants in our study showed a clear preference for interactingwith hardware over software.

They found hardware tasks, like connecting components and using LED indicators, enjoyable

and straightforward, compared to assembling LEGO™blocks. This hands-on aspect boosted

their confidence,making them comfortable in a familiar setting.

In contrast, many software tasks, especially coding in C++, were challenging. Participants de-

scribed coding as an intimidating and foreign language, difficult to understand and apply despite

its English-like syntax. This led to frustration and inadequacy, as they struggledwith the seem-

ingly familiar yet fundamentally different coding tasks.

Participants’ reflections underscored these differences:

– “…when the codewasn’t working, that was pretty stressful…But got over it, so it’s fine.” | partici-

pantN2

– “…I didn’t workwith any software.” | participantN4

– “That’smy first time doing this…” | participantN8

– “…in the coding there was a lot… It perhaps assumed a higher level of computing familiarity.”

| participantN9

After the experiment, participants feltmore confident but acknowledged the need for practice to

fully grasp and remember the process, as indicated in follow-up interviews.
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7.4.4 | Challenges in Navigation and Troubleshooting

This section examines participants’ difficulties navigating instructionalmaterials and resolving

issueswhile running the experiment. It aims to illuminate the complexities of understanding and

applying instructions, pinpointingwhereusers struggledandwhy. Byanalysing thesedifficulties,

we seek to uncover insights that can guide the improvement of instructional design,making it

more intuitive and accessible for end users.

Confusion

These insights result fromanalysing recordings coded asConfusionwithin theChallenges theme,

highlighting areas where participants encountered difficulties. Participants faced confusion

due to unfamiliar tasks, unclear objectives, and technical terminology while working on the

malfunctioning IoT project. Key instances include:

– Encounteringunfamiliar complexity: ParticipantN3 felt overwhelmed by the sudden com-

plexity, indicating a steep learning curve for thosewithout technical backgrounds.

– Uncertainty in purpose andprocess: ParticipantN8 lacked clarity on the device’s purpose

and necessary steps, highlighting the need for clearer guidance.

– Challenges in understanding technical terminology: ParticipantN12 struggledwith techni-

cal jargon, pointing to the importance of clear instructions and visual aids.

These experiences emphasise the need for assistance tools designed from the end-user perspec-

tive,with intuitive interfaces, simplifiedlanguage,andvisualaidstoreduceconfusionandimprove

problem-solving in IoT development.

Uncertainty

Exploring the theme ofUncertainty revealed participants’ struggleswith ambiguous situations

and unclear decision-making in IoT projects. Key areas include:

– Uncertainty in problem identification: Participant N7 faced difficulties identifying and

resolving issues due to unclear device functionality.

– Uncertainty in response to technical issues: ParticipantN9 experienced indecisionwhen

encountering non-functional components, highlighting the need for clearer expectations.

– Uncertainty in executing steps: ParticipantN12was unsure about specific actions, such as

uploading, indicating a need formore explicit guidance.

These examples show that to improve end-user development in IoT, assisting toolsmust offer

clear instructions, feedback, and troubleshooting tips to minimise uncertainty and enhance

problem-solving.

Frustration

ExploringChallenges: Frustration,we find it significantly affects end-user developers’ experi-

ences, indicating the emotional impact and problem-solving barriers frustration introduces in

malfunctioning IoT projects. Key instances include:
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– Overwhelming technical challenges: ParticipantN6’s frustrationwith unresolved technical

issues highlights the emotional strain of continuous problems.

– Frustrationwith instructionsandunderstanding: ParticipantN7’s irritationwithconfusing

instructions points to clarity and logical guidance.

– Obstacles in following instructions: Participant N11’s frustration from not progressing

despite following instructions shows the need formore precise, actionable steps.

These examples emphasise the importance of designing assisting tools that are functional and

considerate of the user’s emotional journey, suggesting that clearer instructions, intuitive guides,

and adaptable tools can reduce frustration and improve the IoT development experience for non-

experts.

Emotional Responses, Cognitive Limitations, and Situational Difficulties

Inour analysis,we created three categories,EmotionalResponses, CognitiveLimitations, andSitu-

ationalDifficulties, to capture the diverse challenges faced by end-user developers in IoT projects.

However, we report these insights collectively to offer a unified view of how these interrelated

factors affect user experience and problem-solving in IoT development.

Our unified report delves into the intertwined nature of Emotional Responses, Cognitive Limita-

tions, and Situational Difficulties, as revealed through participant quotations. Collectively, these

categories paint a comprehensive picture of themultifaceted challenges end-user developers face

in IoT projects.

– EmotionalResponsessurfacethroughstressandasenseofbeing lostasparticipantsgrapple

with technical challenges and a lack of foundational knowledge. For instance, the stress from

not knowing how to resolve a problem (Participant N2) and the overwhelming feeling of

navigating an unfamiliar territorywithout sufficient knowledge (ParticipantN3) underscore

the emotional toll on users.

– Cognitive Limitations highlight the struggle with understanding complex concepts and

retaining crucial information. ParticipantN2’s confusion about “looping through the ports”

andParticipantN9’s attempt tomake sense of logswithout adequate knowledge illustrates

the cognitive barriers that hinder effective problem-solving.

– SituationalDifficulties reflect the external challenges impacting the problem-solving pro-

cess, including the lack of experience and attention to detail. ParticipantN2’s oversight in

copying codewithout understanding its details andParticipantN3’s acknowledgement of

their lack of experience reveal how situational factors compound cognitive and emotional

challenges.

These insights underscore the need for IoT development tools and environments to be designed

with a holistic understanding of end-user developers’ experiences, addressing the emotional,

cognitive, and situational dimensions to facilitate amore effective and satisfying engagement

with technology.
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Figure 7.18: Section of the instructionalwebsite containing a safetywarning over-

looked by participants: “Beforemoving forward, check that the circuit is not connected

from its power source (e.g., aUSB cable)”.

Technical aspects and tools

This section examines participants’ interactionswith technology’s practical elements, including

hardwareandsoftware, andhighlightsTechnology,Programming, andHardwareamongkey codes.

– HardwareUnderstanding (ParticipantN2): Discussesgainingabasic graspof thehardware-

software relationship, acknowledging the complexity of the subject.

– Hands-onHardware Experience (Participant N7): Describes detailed interaction with a

microcontroller, illustrating the tangible aspects of engagingwith hardware.

– FromBasics toCustomProgramming (ParticipantN11): Shows the transition frombasic

examples to creating customprograms, emphasising the application of technical knowledge.

These insights reveal howparticipants navigate technical challenges and apply their understand-

ing to develop functional solutions, underscoring the importance of hands-on experience and

hardware and software knowledge integration.

Images vs. Text

After disassembling the circuit earlier, participants proceeded to theDistance card to test the

malfunctioning sensor. The instructions, including images, text, and a video, aimed to guide
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Figure 7.19: Instructional website’s click-to-copy feature.

them in testing and reconnecting the sensor. Despite the prominent display of the instruction

to first unplug the device frompower (in bold and larger font),many overlooked this crucial step

(Figure 7.18).

Upon realising the oversight, participants expressed concern over potentially damaging the com-

ponents. However, they acknowledged the importance of such precautions after learning about

the low risk due to the circuit’s low voltage and the potential for a short circuit. This experience

highlighted theneed for clearer instructions, possibly ensuringdevices are unplugged frompower

before proceedingwith the task.

7.4.5 | Learning and Adaptation in User Behaviour

This section investigates how participants learned from their experiences and adapted their

behaviour throughout the user study.

Cognitive and learning aspects

This segment focuses on the cognitive processes of grasping and applying technology, covering

problem-solving,memory, and learning strategies. Key codes include Interest,Understanding,

Learning, among others, reflecting the variedmental strategies participants employed.

– Visualisation (ParticipantN1): Demonstrates using visualisation to simplify complex sys-

tems, aiding understanding and learning.

– Discovery (Participant N1): Emphasises the “light bulb”moment, showcasing the role of

hands-on experience and feedback in grasping new concepts.

– Learning (ParticipantN2): Highlights beginning stages of learning, acknowledging a basic

understanding and the process of learning about the hardware-software interplay.

These examples underscore the significance of cognitive strategies like visualisation and discov-

ery in learning and the recognition of learning as a layered process, providing insights into how

participants navigate and absorb new technological concepts.

Copy and paste

Observations fromChapter 6 user study showed participants struggled to copy codemanually,

oftenmissing characters. To address this, we introduced a click to copy feature, which allowed

users to copy code by clicking a button (Figure 7.19). This change simplified code copying but

did not clarify where to paste the code or help understand code syntax. Participants were con-

fused about code structure, especially the use and nesting of curly brackets. Despite using the

Verify and Save option in the Arduino Editor, which checks syntax, incorrect pasting locations

led to errormessages that participants found confusing (Figure 7.20). Compiler errormessages
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Figure 7.20: Error on theArduinoEditor. Themessage “‘SerialUSB’ does not name

a type” is difficult to interpret by an end-user developer.

have long challenged novice programmers, being difficult to understand and acting as barriers

to learning [15, 130]. These cryptic messages, dating back to research from the 1960s, often

frustrate andhinder progress [93]. End-user developers, like programming students, face similar

difficulties, with errormessages designed for experts not aiding in error correction for novices.

This underscores the need for clearer,more accessible feedback in programming tools.

7.4.6 | Insights from Participant Feedback

This section presents insights from participant feedback, highlighting their experiences and

perceptions throughout the study.

Communication and interaction

This section highlights the role of clear communication and interaction in using technology,

emphasising the need for detailed explanations, effective feedback, and comparative analysis

to facilitate understanding and engagement. Key codes include Explanation, Feedback, and

Communication.

– Explanation (ParticipantN1): Points out the necessity of detailed explanations for deeper

understanding and engagement.

– Feedback (ParticipantN7): Shows how feedback enhances comprehension and achievement.

– Comparison (ParticipantN9): Discusses the importance of comparing new informationwith

known knowledge for effective learning.
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Figure 7.21: Process Evaluation: Assessing Difficulty. How do you evaluate the

process in terms of difficulty?

Figure 7.22: Navigational Challenges: Frequency ofUncertainty. How frequently

did you encountermomentswhere you did not knowwhat to do?

Figure 7.23: Clarity of Path: Occurrence of Evident Actions. How often did you

experiencemomentswhere the path of actionswas evident to you?

These insights underline the importance of clear communication and effective interaction in

navigating and comprehending complex technological information.

Quantitative analysis of final questions

The study concludedwith three Likert scale questions on participants’ experience (Appendix C).

Results showed thatmost found the process straightforward (Figure 7.21), rarely felt uncertain

about the next steps (Figure 7.22), and saw a clear path of action (Figure 7.23). These outcomes

suggest participants felt guided, though someuncertainty and frustration remained.
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7.5 | Discussion

At the beginning of this chapter, we stated the research question thatwas guiding the user study

wewere going to embark on:

RQ4|What formsofsupportdoend-userdevelopers require toefficiently identifyandresolve

issues in their IoT projects?

Ourhypothesis centredaround the idea that structuredsupport through instructional cards linked

to online resources could enhance the efficiency of end-user developers in troubleshooting and

resolving issueswithin bespoke IoTprojects. To test the validity of this hypothesis, we conducted

a user study, presenting participantswith amalfunctioning IoT project alongwith the devised

supportmaterials to observe their troubleshooting efficacy.

The study yielded awealth of data, offering insights into how end-user developers employ such

supportmethods to diagnose and address issues inmalfunctioning IoT devices. In the ensuing

paragraphs, we aim to bridge our findings with the initial research question, delineating the

practical implications of our study and the potential avenues it opens for future research in the

field. This approach not only validates our hypothesis but also underscores the critical role of

accessible and structured support in the realmof IoTdevelopment, particularly for thosewith

varying levels of expertise.

7.5.1 | Insights from the User Study

Our study implemented a guided process, enhanced by the strategic use of instructional cards

and web resources, to evaluate how end-user developers tackle troubleshooting tasks in IoT

settings. This systematic approach allowed us to capture a comprehensive snapshot of their

problem-solving journey – highlighting the protocol’s effectiveness in guiding users through

complex troubleshooting scenarios. The nuanced feedback and observed interactionswith these

tools shed light on their strengths and areas for improvement. Through an in-depth analysis

of moments where the protocol led to successful issue resolution and instances where users

encountered hurdles, we aim to dissect the dynamic interplay between the designed support

system and the users’ practical needs. This evaluation serves as a foundation for refining our

approach to developing user support tools, ensuring they are intuitive and closely alignedwith

real-world troubleshooting challenges.

Highlights of success

One notable success observed in our studywas the enhanced problem-solving efficiency among

end-user developers, attributable to the troubleshooting guide supported by instructional cards

andweb resources. This approachprovided clear, step-by-stepguidance that significantly reduced

thecognitive load,allowinguserstofocusondiagnosingandresolving issuesmoreefficiently. The

protocol facilitated a smoother troubleshooting experience by breaking down complex problems

intomanageable tasks, further supported by the targeted information and instructions available

throughthewebresources. Thisstructurehelpedusersnavigate the troubleshootingprocesswith

greater ease and fostered a deeper understanding of the underlying principles of IoT systems.
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Building on this foundation of enhanced problem-solving efficiency, we alsowitnessed increased

user engagement and confidence. The structured approach empowered users with the tools

and knowledge to tackle challenges independently. As participants progressed through the trou-

bleshooting tasks, their growing familiaritywith the process and the success they experienced

in resolving issues contributed to a noticeable boost in their confidence levels. This increased

confidence, in turn, led to higher levels of engagement with the tasks at hand. Users became

more invested in troubleshooting, demonstrating awillingness to explore and experimentwith

solutions. This positive feedback loop between efficiency and engagement underscores the im-

portance of designing support systems that address users’ immediate troubleshooting needs and

contribute to their long-termdevelopment and confidence inworkingwith IoT technologies.

Areas for improvement

While the guided process significantly enhanced problem-solving efficiency and user confidence,

our study also identified key areaswhere the support system could be further optimised.

While participants navigated the web resources relatively easily during straightforward trou-

bleshooting, their effectivenesswanedwhen confrontedwith a deliberately inserted anomaly –

switching “D0” for “D7” in the system configuration. This subtle yet critical alterationwas de-

signed to test the protocol’s capacity to guide users through unexpected problems. The challenge

arose not fromnavigating the resources but from the participants’ ability to detect and correct

this specific, artificially introduced error. Despite theweb resources’ aim to offer comprehensive

support, this scenario highlighted a need for enhancing the tools’ ability to direct users’ attention

to potential, non-obvious issueswithin the system. It underscores the importance of designing

user-friendly support tools and adept at guiding users through the nuanced detection of subtle

errors thatmay not be immediately apparent.

A significant observation fromour studywas the tendency for participants to treat the instruc-

tional cards andweb resources as separate rather than interconnected elements. Once partic-

ipants navigated to the web resources, the cards were often set aside and not referred back to,

breaking the intended continuous loop of guidance. This practice suggests thatwhile the cards

served as an effective summary or initial roadmap, their utility diminished once users engaged

deeplywith the online content. This separation indicates amissed opportunity for the cards to

reinforce learning and support throughout theweb-based troubleshooting process. Consequently,

this points to an area for improvement in ensuring that the cards and web resources function

more cohesively. Designing these tools tomore explicitly encourage ongoing reference between

the two, particularly bymaking the cards useful even after users become familiarwith the process,

could strengthen the support protocol’s overall effectiveness.

Additionally, the studybrought challenges related to thedepthandcomplexity of contentprovided

through theweb resources. While designed to be comprehensive, some users felt overwhelmed

by the detailed technical information, which occasionally detracted from the troubleshooting

process rather than facilitating it. This outcome points to the delicate balance in tailoring content

tomeet varied user expertise levels. Ensuring that the information is accessible andmanageable

for users with diverse backgrounds and skills is crucial. It suggests a potential refinement of
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content presentation, possibly through adaptive content delivery ormore targeted, user-specific

pathways, to bettermeet individual needs and enhance the overall effectiveness of the support

tools.

In summarising the insights derived fromour user study, it is evident thatwhile the guided pro-

cess, comprising instructional cards andweb resources, offers a solid foundation for enhancing

troubleshooting efficiency, significant opportunities remain to refine these tools for broader appli-

cability and effectiveness. The observed challenges, such as the disconnect between using cards

andweb resources and the difficulties in addressing complex or non-obvious systemanomalies,

underscore thenecessity for amore integratedand intuitive support system. Moving forward, it is

crucial to focuson creating supportmechanisms that facilitate immediate problemresolutionand

contribute to thedevelopmentof end-user developers’ expertise in IoT.Byprioritisinguser-centric

design and adaptive learningmaterials, future iterations of support tools can address the diverse

needs and challenges developers face in this dynamic field, ultimately fostering amore capable

and confident community of IoT practitioners.

7.5.2 | Limitations and Further Research

The study’s reliance on twelve participants limits the representation of diverse experiences and

perspectives. Future researchwill benefit froma larger sample size to developmore robust IoT

development tools and guidelines, ensuring a broader spectrumof user insights.

A particular challenge of our research was its bespoke design for a specific IoT project, which

provided deep, contextual insights butmade it difficult to generalise our findings. The protocol,

developedwith custom-designed instructional cards andweb resources, was tailored tomeet

the unique challenges of this project. This specificitymakes it difficult to claim that the protocol,

as is, would be universally effective across all IoT troubleshooting scenarios. Recognising this,

there is a clear need for future studies to examine the adaptability and scalability of such support

protocols in awider variety of IoT projects. This approachwill help to validate their applicability

and effectiveness in diverse environments and troubleshooting contexts.

Moreover, conducting the study in a controlled laboratory setting, while beneficial for close obser-

vation,might not fully reflect the complexities of real-world behaviour. Future research should,

therefore, consider in-the-wild studies, where “the importance placed on the setting and context,

conducting research in every day and naturalistic environments” [149].

Additionally, thepotential for integratingAI tools likeChatGPT into IoTtroubleshootingsignifies

anexciting frontier for research. Investigatinghowsuch technologies canaid end-userdevelopers

in identifying and rectifying IoT project errors offers promising avenues to enhance support

mechanisms and tool effectiveness in real-world scenarios.
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7.6 | Summary

Reflecting on the journey in this chapter, we revisited the fragmented landscape of IoT trou-

bleshooting support. We sought to re-imagine it through a troubleshooting guide, blending

instructional cardswithweb resources. This blend allows for both hands-on guidance and ac-

cessible online troubleshooting support. This synthesis aimed to bridge the scattered resources

and streamline the troubleshooting experience. Our hypothesis posited that this approach could

significantly clarify the often opaque process of IoT troubleshooting, giving end-user developers

a clearer path through potential issues. The user study tested this hypothesis, providing insights

into the interplay between user needs and the structured support offered.

Our explorationunderscores a vital truth: while our protocol offers anorganisedpathway toassist

end-user developers, the vast diversitywithin IoT systems presents a formidable challenge in

anticipating every potential issue. This reality brings us to an essential conclusion – themost

effective strategymay not lie solely in attempting to cover all bases but rather in empowering

developers to build their expertise. By providing clear, step-by-step guidance, our approach helps

developers gain the confidence and foundational skills needed to navigate unexpected challenges

and deepen their expertise. Gaining deep, versatile knowledge emerges as a crucial strategy

formastering the complex and continually evolving landscape of IoT troubleshooting, turning

technical challenges in IoT troubleshooting into opportunities for skill development and creative

problem-solving.

With this final user study, we conclude theNucleus part of the thesis and transition into the

Resolution phase, where the upcoming chapterswill synthesise our findings and outline future

directions.
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III Resolution





Chapter 8

Discussion

“Moreover, if wemove in the direction ofmaking

machineswhich learn andwhose behaviour is

modified by experience, wemust face the fact

that every degree of independencewe give themachine

is a degree of possible defiance of ourwishes.

—NorbertWiener

“TheMachineAge” [184]

AS WE DISCUSS OUR FINDINGS, this chapter revisits the key insights from our user studies in the

realm of IoT for end-user developers. Wewill discuss how our findings highlight the importance

of tailored support for non-expert developers and the challenges complex IoT systems pose. We

compare our initial proposals and the developed conceptual frameworkwith the outcomes of the

user studies detailed in Chapter 4, Chapter 5, Chapter 6, andChapter 7. This evaluation explores

how our findings alignwith or differ fromour hypotheses and considers the broader implications,

limitations, and future research directions.

The structure of the remainder of this chapter is as follows. Section 8.1: Interpretation of Results

summarises our main findings, interprets and analyses the results within the context of our

research questions, and discusses any unexpected outcomes and their possible explanations.

Section 8.2: Comparisonwith Previous Research compares these results with the existing lit-

erature and previous studies, identifying similarities, differences, and emerging trends. It also

deliberates on howour findings contribute to or diverge from the established body of knowledge.

In Section 8.3: Methodological Reflections, we reflect on the research design, including data

collection and sample size limitations, and propose improvements for futurework. In Section 8.4:

Contributions to the Field, we articulate the contributions of this study to the field, underscoring

the novel aspects and innovations introduced, and deliberate on the significance of our research

Chapter 8. Discussion | 163



in advancing current knowledge. Section 8.5: FutureResearchDirections proposes potential av-

enues for future research, identifies unanswered questions and areas ripe for further exploration,

and examines how subsequent studies can constructively build upon the groundwork laid by this

work. Section 8.6: Limitations explicitly acknowledges the limitations of our study, discusses

their potential impact on the results, and considers alternative approaches or methodologies

thatmightmitigate these constraints. Finally, Section 8.7: Summary summarises the key points

presented in the chapter, reinforces the importance of our researchwithin the broader field, and

concludeswith a concise summary of the primary contributions and implications.

8.1 | Interpretation of Results

Part II–Nucleusof this thesis presents fouruser studies inChapters4 to 7. This sectionpresents

an interpretation of the results, chapter by chapter, closingwith a thematic synthesis. Starting

with an interpretation of Chapter 4, which details a long-term study observing an end-user de-

veloper creating an IoT project aiming to comprehend the time investment, project phases, and

encountered obstacles, we continuewith an analysis of the results fromChapter 5, that discusses

a user studywhere participants use a custom-made deck of conceptual cards to ideate technology-

driven solutions. We thenmove forward to interpret the results fromChapter 6, which presents

a user study focusing on the support required by end-user developers to overcome challenges

in building electronic circuits and programming computers, and an analysis of the results from

Chapter 7, that presents a user study evaluating a proposal to help end-user developers effectively

identify and potentially solve issues in their IoT projects. Wefinalise the sectionwith a thematic

synthesis of end-user IoT development.

8.1.1 | Findings from Observing an End-User Developer

In Chapter 4, we present a long-term study observing an end-user developer’s journey in creating

an IoT project. This study closely aligns with the first scenario described in Chapter 2, where

JasmineKirstel seeks to create an artefact to track andmonitor her desk usage, capturing data

suchas theheightof thedesk’s tabletopat regular intervals. This investigation isdirected towards

answering the first research question, as presented in Chapter 1:

RQ1 |What barriers do end-user developers face in creating bespoke IoT projects?

Wehypothesised that, while not impossible, the complexity of completing a functional IoTproject

was often a significant challenge for an end-user developer. To test this hypothesis, we embarked

on a case studywith specific goals:

– To understand the time frame required to create a custom IoT project to an acceptable func-

tional state.

– To comprehend the different phases a non-expert had to pass through to complete their plan.

– To identify obstacles that could have stopped or delayed the project’s progress.
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This chapter’s findings illuminate end-user developers’ practical challenges and learning experi-

ences as they navigate the intricate process of creating a functional, customised IoT solution.

Understanding time

The study’s first goal was to determine the time required for an end-user developer to achieve a

functional IoT solution. Over 344 days, the participant (P2)worked for 148 days, totalling 578

hours (approximately4hoursperday). Despite the lackofastrictdeadline, thestudyhypothesised

that the complexity of assembling an IoT projectmight be too daunting for a non-technical user.

The results indicate thatwhile the participant completed theprojectwithin this timeframe, the av-

erage non-expertmight abandon the projectwithout significantmotivation, given the substantial

time investment and intermittentwork patterns observed.

Understanding phases

The second goal of our studywas to understand the different phases a non-expert user undergoes

to complete a bespoke IoT solution. Through extensive diary analysis and visualisations, 15

distinct phases of the projectwere identified, varying in complexity and duration. Initially, the

phases were sequential but becamemore intertwined and complex as the project progressed.

Various factors, such asmeetings or receipt of components,marked the start or end of phases,

but no uniformpattern across all phaseswas found. Some phases concludedwithout clear doc-

umentation, while others had specific goals achieved, as noted in the diary. This indicates the

nonlinear and varied nature of project development.

Understanding obstacles

The third goalwas to identify obstacles in IoT projects. Through diary analysis and interviews

with two developers of varying expertise, obstacleswere identified and categorised into declara-

tive (“knowledge of”) and procedural (“knowledge how”) knowledge, with the latter aligningwith

ThresholdSkills. Sevenkeyskillswereoutlined: technical vocabulary,methodologies, understand-

ing various technologies and formats, and practical skills like circuit building and programming.

Mastery of these skills is crucial, as their complexity can be a blockage. Expertise level affected

problem identification and resolution time, suggesting an interdisciplinary approach is necessary,

particularly for non-experts.

These findings helped us establish fundamental design principles for IoT based on the partici-

pants’ behaviours and actionswhile they engaged in creating the IoT project. They guided the

creation of the following user studies: beginningwith concept refinement and ideation in Chap-

ter 5; continuingwith the exploration of support strategies for overcoming technical challenges

in Chapter 6; and concludingwith an evaluation of troubleshooting interventions inChapter 7.

Beyond these functional insights, the study also illuminated deeper issues surrounding user

persistence andmotivation. The observed pattern of intermittent engagement and reliance on

external prompts suggests a threshold beyondwhich frustration or confusion can erode commit-

ment, particularlywhen expectations about project complexity are unmet or poorly calibrated.
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8.1.2 | Findings from Concept Refinement and Ideation

Chapter 5 focused on the crucial phase of concept refinement and ideation, aiming to explore

how end-user developers can be effectively supported in generating and developing their ideas.

Themain objectivewas to assess the effectiveness of physical cards in facilitating the ideation

process for non-experts. This chapter addressesResearchQuestion 2;

RQ2 | Inwhatways can targeted support during the ideation phase improve end-user devel-

opers’ ability to conceptualise unique technology-driven solutions?

Having created a bespoke deck of cards, the user study aimed to test them to understand how

they could help users better define their ideas for a technology-driven project. Using these cards,

end usersmap their ideas, bridging the gap between an abstract concept and somethingmore

concrete and achievable.

The key findings from these sessions indicate that physical cards significantly enhanced the

ideation process for end users. The tactile nature of the cards, combined with the visual and

interactive elements, helped users better articulate and refine their ideas. The pre-conceived

cards provided seamless access to additional information and resources, which supported users

in understanding complex conceptswithout overwhelming them.

Using these tools increased user enthusiasm for creating projects. Participants reported that

the physical cardsmade the ideation processmore intuitive and enjoyable. Their tactile nature

encouraged active engagement and clearer visualisation of concepts, leading tomore precise and

feasible project ideas. The physicality of the cards also helped sustain users’ interest throughout

the sessions.

The findings fromChapter 5 underscore the importance of user-friendly, accessible tools in IoT

development. Enhancing the ideation processwith these tools can lead to feasible IoT projects,

promoting broader adoption and effective use of IoT technologies by non-experts. Incorporating

physical, interactive tools and supportive digital resources in the ideation phase is crucial. These

insights align with the research objectives, providing a solid foundation for future studies to

empower end-user developers. While participants credited the cards for enhancing ideation, their

progresswas often scaffolded by facilitator interventions, which prompted reflection, clarified

ambiguities, and sustained engagement. This underscores the tacit but critical role of facilitation

in shaping theuser experience, evenwhen the tool itself appears tobe theprimarydriver of insight.

8.1.3 | Findings from Project Enabler

InChapter6,wepresentadetaileduserstudy thatprobes theefficacyofsupportsystemsavailable

to end-user developers as they construct functional prototypes for custom IoT projects. This

chapter is specifically designed to address the third research question posited in this thesis;

RQ3 |What essential support strategies enhance end-user developers’ success in building

and programming IoT projects?
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The studywas designed to achieve three critical objectives: to assess developers’ assembly capa-

bilities using the enhancedTILES IoTToolkit cards, to evaluate the effectiveness of the tailored

step-by-step instructional support, and to explore the transferability of acquired knowledge to

new project scenarios. Follow-up discussions revealed varying levels of participant confidence in

applying learned concepts to unfamiliar setups, highlighting both progress and limitations in

independent skill application. By integrating tangible toolswith digital instructions, the investi-

gation provided a comprehensive environment to evaluate users’ assembly proficiency and the

impact of the support strategies on the adaptability of the skills developed.

Building on these objectives, we explored participants’ experiences and found that 11 out of 12

successfully assembled the prototype under strict hardware, software behaviour, and tutorial

accuracy conditions. The journey revealed smooth progress brought enjoyment and satisfaction,

butobstaclesquickly led to frustration, potentially causingproject abandonment. Apreference for

personal assistance over online forums emerged, highlighting the need for direct expert guidance.

Despite the challenges, our hypothesis held that end-user developers, with proper support, can

create bespoke IoT projects. The complexity of such projects underscores the need for tailored

assistance, given the diversity of IoT projects and the lack of specialised guides.

The insights from this chapter demonstrate that end-user developers can successfully complete

projectswith significant support and suggest future research approaches, such as in-the-wild

studies and combining various tutorials to enhance the developer’s journey. These findings

highlight developers’ emotional and cognitive challenges, emphasising the need for practical,

empathetic, and adaptive guidance. This sets the stage for our next research phase, presented in

Chapter 7, wherewe evaluatedmethods to help developers diagnose and fix errorswhen dealing

with real-world problems. The study also revealed amismatch between users’ expectations and

the actual effort required to complete tasks. Participants frequentlymisjudged the difficulty of

thework—some found it unexpectedly straightforward, while others found itmore demanding

than anticipated. This discrepancy underscores the importance of calibrating users’ expectations

early and providing conceptual scaffolding that helps themunderstand the required skills and

their relevance.

8.1.4 | Findings from Guided Troubleshooting

Chapter 7 builds on the findings presented in Chapter 6, which provided key insights into the

challenges encountered by end-user developers in bespoke IoT project creation. These findings

highlighted areaswhere users struggledmost, particularly in identifying and resolving technical

issues during project development. As a result, Chapter 7 offers a focused investigation into

the specific support needs that emerged from these challenges, aiming to decipher the forms of

assistance necessary for effective troubleshooting.

The inquiry is guidedby the following researchquestion,which is designed todeepenunderstand-

ing of the assistance required for efficient problem-solving:
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RQ4|What formsofsupportdoend-userdevelopers require toefficiently identifyandresolve

issues in their IoT projects?

Our research has unearthed awealth of insights regarding themultifaceted hurdles developers

encounter. Emotional and cognitive challenges, educational processes, information utilisation,

and technological competence form the cornerstone of our understanding of the support needs

and strategies that can enhance the efficiency and efficacy of end-user developers in IoT project

development.

Participants faced significant emotional and cognitive challenges, including confusion, uncer-

tainty, and frustration, highlighting the emotionally charged nature of IoT development for non-

experts. These findings emphasise the need for intuitive, user-friendly tools and empathetic

design to reduce stress and confusion. The investigation in Chapter 7 also revealed diverse cogni-

tive approaches and problem-solving strategies, indicating the necessity for adaptable support

systems that cater to various learning styles and promote proactive engagementwith technology.

Clear, actionable instructions and resources are essential for effective technology use and project

progress. Additionally, hands-on experience and practical skills emerged as crucial for over-

coming technology-related challenges. Furthermore, findings from the user study inChapter 7

advocate experiential learning and structuredmethodologies to cultivate these competencies

among end-user developers, reinforcing the value of competence-building approaches in IoT

project development.

Despite confirming the hypothesis that end-user developers can navigate IoT challengeswith

adequate support, the study highlighted the intricacies and specific types of assistance required.

The complexities of technological projects, especially for non-experts, can be daunting, and even

minor inconsistencies can severely disrupt progress. Furthermore, the study highlighted develop-

ers’ difficultieswhen encountering unforeseen issues, emphasising the need for comprehensive,

adaptive, and empathetic guidance.

In synthesising the findings fromChapter 7, it is clear thatwhile progress is possiblewith the

proper support, the journey of an end-user developer in IoT is fraught with emotional, cogni-

tive, and technical hurdles. Addressing these challenges through user-centric design, adaptive

learning resources, and hands-on experience will be crucial in empowering these individuals

to successfully navigate and complete their IoT projects. Although participants had access to

explanatorymaterials and structured documentation, they engagedwith themonly superficially.

Instead, they preferred directmanipulation, verbal guidance, or immediate feedback, revealing a

consistent disengagement fromabstract resources and highlighting the value of embedded, expe-

riential supportmechanisms over traditional didactic formats. Aswemove forward, the insights

from this chapterwill undoubtedly shape the trajectory of future research and development in

this evolving field.
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8.1.5 | A Thematic Synthesis of End-user IoT Development

Across thestudies inChapters4 to7, asetof recurring tensionsemerged that cutacross thebound-

aries of task, tool, and participant. A critical themewas theThreshold of Frustration: participants

frequently disengagedwhensystemsbehavedunpredictably orwhenoutcomes contradicted their

intuitive expectations. In thesemoments, technical obstacles became affective thresholds. With-

out strong personalmotivation, evenminor complications proved sufficient to derail progress.

This threshold highlights the fragility of engagement in non-expert contexts and the need for

tools and environments that activelymitigate discouragement.

Closely linked to this is the theme ofPerceivedAgency andFeedback. Participants’ sense of com-

petencewas strongly tied tomoments of clear, causal response, such aswhen a sensor reading

triggeredan immediate visual cue. Thesemoments, though technically trivial, servedaspowerful

affirmations of progress. They reinforced a perception of intelligibility and control that often

outweighedmore abstract understandings of system logic. Such feedback loops were central

to sustainingmomentum, suggesting that fine-grained interactional cuesmay be as crucial as

overarching tool functionality.

A third insight concernsTacitDependenceandMissingVocabulary. Participants routinely reliedon

informal support networks—friends, forums, or facilitators—notmerely for troubleshooting but

to articulate problems they lacked the language to describe. This unacknowledged dependency

oftenmasked deeper conceptual gaps, which only surfaced at points of failure. Thesemoments

revealed the extent towhich successful IoT development rests not only on procedural know-how,

but also on possessing aminimal conceptual lexicon—somethingmost participants lacked and

could not easily acquire through documentation alone.

Fourth, therewas a recurrentExpectation vs. EffortMisalignment. Participants frequentlymis-

judged the complexity of IoT tasks, with someunderestimating the cognitive and technical de-

mands, and others overestimating the challenge and anticipating failure. Thesemismatches

shaped their attitudes towards the tools and their competence. More importantly, they under-

score the pedagogical imperative for toolkit designers: to calibrate onboarding experiences that

accurately signal the level of effort required and pre-empt demotivating surprises.

Ultimately, the theme of the InvisibleRole of Facilitation is a common thread that runs through all

studies. Although artefacts such as card decks or toolkitswere nominally under evaluation, par-

ticipants’ trajectorieswere often steered—subtly or decisively—by the presence of the researcher.

Facilitation, while not formally part of the intervention, proved crucial inmaintainingmomen-

tum, framing tasks, and interpreting breakdowns. Yet it remained largely unacknowledged, with

participants attributing progress to the artefacts rather than the human support. This highlights

a structural blind spot in toolkit evaluation: the tendency to undertheorise the role of facilitation

in shaping user experience.

Together, these themes offer amore textured understanding of end-user development—one in

which cognitive scaffolding, emotional regulation, and social support are interdependent. They

suggest that empowerment is not a property of tools alone, but of relational ecologies that blend
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materials, feedback, language, and care. Futureworkmust account for these dynamics if it is to

design genuinely inclusive and supportive environments for non-expert IoT creators.

8.2 | Comparison with Previous Research

This section compares the results of this researchwith existing literature and previous studies in

thefieldof IoTdevelopment for end-userdevelopers. By reviewingkey thematic areas suchasend-

user development, ideation tools, support systems, and gamification, this comparison highlights

both similarities anddivergencesbetweenexisting researchandemerging trends in thefield. The

scenarios presented in Chapter 2 provide simulated contexts that reveal nuanced challenges and

opportunities in IoT development, offering points of comparison and contrast with the literature.

This comprehensive review provides a detailed perspective on how variousmethodologies and

tools have been employed to facilitate IoT development for non-experts, underscoring gaps in

current research. By identifying these gaps, we aim to show how our findings contribute to

advancing the field, particularly by empowering end users to create bespoke IoT solutions that

integrate seamlessly into their everyday lives and positioning this researchwithin the broader

academic landscape.

We beginwith Subsection 8.2.1: Development and Support Systems, providing a comprehensive

overviewofEnd-UserDevelopment, including research on toolkits and supporting systems. Next,

in Subsection 8.2.2: Creative Processes andTools, we discuss tools designed for the ideation

phase of a project and examine various creative processes. Finally, Subsection 8.2.3: Motivation

andBroader Context addresses the literature onmotivational aspects and explores the broader

context of supporting end-user developers in the IoT.

8.2.1 | Development and Support Systems

This subsection compares our research in theDevelopment andSupport Systems domain for In-

ternet of Things (IoT) applications against existing literature. It is divided into two primary

subtopics: End-UserDevelopment andToolkits andSupport Systems. TheEnd-UserDevelop-

ment section examines how our findings diverge from earlier research, particularly regarding the

evolving role andcapabilitiesofnon-technical users in IoTdevelopment. TheToolkitsandSupport

Systems subtopic contrasts ourworkwith existing toolkits designed to support IoT development,

focusing on the functionalities, usability, and supportmechanisms of contemporary toolkits.

End-User Development

The literature on End-User Development (EUD) spans several decades, encompassingmany

studies and insights. Key themesandfindings pertinent to this thesis highlight the importance of

user-friendly, accessible tools in supporting end-user developers. Enhancing the ideation process

can lead tomore innovative and feasible IoT projects, contributing to the broader adoption and

effective use of IoT technologies by non-experts.

Research highlights significant cognitive and technical challenges end-user developers face in

programming, often strugglingwith the abstract concepts and detailed intricacies required to
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create functional software. Costabile et al. [34] explains how end-users inadvertently take on

the role of developerswhen creating and customising software solutions, often resulting in high

error rates and identifying a communication gap between end-users and professional developers.

Paternò [142] explores themotivations and foundational concepts of EUD, offering a comprehen-

sive review of current approaches and technologies, emphasising the need for ongoing evolution

in this field and highlighting the diversemethodologies supporting end-user customisation and

the creation of digital artefacts. Blackwell [17] underscores the importance of cognitivemodels

that support non-experts in comprehending programming tasks. A systematicmapping study by

Barricelli et al. [11] examined the fields of EUD,End-User Programming (EUP), andEnd-User

SoftwareEngineering (EUSE), revealing a lack of integration among these fields and a shortage

of comprehensive frameworks to assist novices. Various tools and frameworks, including visual

programming environments,modular toolkits, and drag-and-drop interfaces, have been devel-

oped to lower these barriers and simplify development processes,making programmingmore

accessible for non-experts. Addressing these gaps can lead tomore effective and inclusive tools

for end-user development, helping to cater to the significant differences in skills,motivations,

and contexts among end-user developers.

The literature also emphasises the complexities and challenges of IoT-specific projects. M. Bur-

nett andKulesza [22] stresses the need for user-friendly interfaces tomitigate end users’ dif-

ficultieswith IoT systems, proposing strategies to simplify interactions and improve usability.

Dibitonto et al. [60] discusses the evolving IoT landscape and its implications for end-user devel-

opment, highlighting the need formore accessible programming tools to bridge the gap between

advanced IoT technologies and non-experts. Corno, DeRussis, and Sáenz [32] identifies techni-

cal andusability barriers that hinder effective end-user programming and interaction, advocating

for holistic approaches that consider both technological aspects and user experience.

Our research identifies similar challenges in IoT development for non-experts, particularly in cre-

ating digital circuitswith sensors and actuators and programming their functionality. We empha-

sise that IoT development’s complexity extends beyond programming, including understanding

physical components and their interactions, necessitating interdisciplinary knowledge spanning

software, hardware, and network communication. While existing tools simplify certain devel-

opment aspects, they often fail to support seamless integrationwith physical components—an

essential requirement highlighted across the three scenarios inChapter 2. Our findings reveal

that non-experts requiremore intuitive and comprehensive tools that effectively combine hard-

ware and software elements. Current tools frequently necessitate additional support, indicating

a significant gap in toolkits that do not fullymeet the needs of IoT end-user developers.

Toolkits and Support Systems

In the fast-evolving Internet of Things (IoT) landscape, innovative tools and support systems

are crucial for advancing technology and enhancing user experiences. With IoT’s increasing

integration into daily life and industry, comprehensivemethodologies and resources are essential

for design, prototyping, and user engagement. This section explores key contributions from

existing literature on IoT toolkits and support systems,which are vital for these advancements.

The following paragraphswill present three critical areas: IoT Ideation andDesignTools, which
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examines frameworks and methodologies for fostering creativity in IoT design, highlighting

ideation decks and card-based systems for structured brainstorming and problem-solving;Proto-

typing andDevelopment in IoT, focusing on tools and platforms that support iterative creation,

emphasising rapid prototyping techniques,modular toolkits, and integrated development envi-

ronments for easing development processes; andUser-CentredDesign andUX in IoT, which

underscores the importance of user-focused IoT systems, addressing the challenges of creating

intuitive interfacesandservices that cater todiverseneeds,while advocating formultidisciplinary

approaches for effective and inclusive IoT applications.

The domain of IoT Ideation andDesignTools encompasses various frameworks andmethodolo-

gies aimed at fostering creativity and streamlining the design process for IoT applications. The

literature highlights the critical role of toolkits and design systems in enablingmultidisciplinary

teams to conceptualise and develop innovative IoT solutions. Notable contributions include the

MappingTheIoT Toolkit by Vitali and Arquilla [177]. This open-source resource supports IoT

products’ structured and creative design across various phases, from initial research to refined

development. This toolkit facilitates collaboration among diverse teams and alignswith estab-

lished designmodels like the Double Diamond (Figure 5.1), making it a valuable reference for

methodological IoTdesign tools. Our findings fromChapter 4 provide additional insights into

the initial stages of IoT project conception, offering an extended view on how end-user devel-

opers engagewith ideation tools and highlighting their need for structured support in creative

ideation and problemdefinition. The empirical evidence presented inChapter 5 demonstrates

the practical application and effectiveness of ideation tools in refining technological concepts

in real-world scenarios, emphasising the importance of integrating user-centric feedback and

iterative refinement into the design of these tools.

Further contributions to the field include theTiles Cards byMora et al. [128], which support non-

experts in generating ideas for augmented objects through a set of 110 design cards andworkshop

techniques, the IoTDesign Kit by De Roeck et al. [48], offering modular and flexible tools for

IoT product development, and theKarakuri card deck byMuñoz et al. [133], which facilitates

IoT ideation in the context ofmanufacturing. These resources emphasise creative thinking and

critical evaluation, facilitating the transition from theoretical concepts to practical applications.

Ourfindings reveal these tools’ practical challenges andapplications, illustratinghow theybridge

the gap between theoretical frameworks and practical implementation. The analysis inChapter 5

underscores the value of amore hands-on, adaptable approach to ideation, critical for effectively

supporting IoT design’s complex and evolving landscape. Extending theTILES toolkit[128], the

user study presented in Chapter 6, bridges the gap between ideation and prototyping, aiming at

coveringmore areas of thewhole process of an IoT project.

The realmofPrototyping andDevelopment in IoT is integral to transforming conceptual ideas

into tangible applications. The existing literature highlights various tools and frameworks that

simplify IoTprototypinganddevelopmentprocesses. For instance, the “GameofInternetofThings”

(IoTgo) toolkit, as described byRizvi [148], adopts a playful approach to assist non-experts, par-

ticularly teenagers, in creating IoT smart devices. This toolkit facilitates exploration, ideation,
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programming, and prototyping, making IoT development more approachable by bridging the

technical skill gap. Similarly, the Tiles inventor toolbox byMora et al. [127] provides a robust

platform for non-experts to develop interactive objects through physical input/output primitives

and extensible hardwaremodules. TheRapIoT software toolkit, detailed by F. Gianni et al. [82],

abstracts communication complexities, allowing developers to focus on application logic, thereby

enabling collaborative applications acrossmultiple smart objects.

Contrasting these frameworkswith our findings, Chapter 5 provides practical insights into the

transition from ideation to prototyping, underscoring the critical need for support systems that

help users refine and develop their concepts into tangible prototypes. While ideation tools are

crucial, our research highlights that transitioning to physical development requires tools that

effectively bridge thegapbetweenabstract ideas andpractical implementation. Chapter 6 further

explores the tools and support systems that facilitate the assembly of IoT projects, emphasising

thenecessity formodular andaccessible tools that support integration stages, ensuringusers can

successfully bring their projects to fruition. Additionally, our findings fromChapter 7 underscore

the importance of guided troubleshooting during development, revealing how users identify

and resolve issues. This emphasises the need for development tools that incorporate effective

troubleshootingmechanisms, anaspectoftenunder-explored inexisting literature,whichtendsto

focus primarily on the initial stages of development. Our research advocates for a comprehensive

approach to IoT prototyping and development, integrating practical support throughout the

lifecycle to ensure users arewell-equipped to handle challenges and refine their solutions, leading

tomore robust and user-friendly IoT applications.

The literature points to the necessity ofmodular and adaptive prototyping frameworks, as illus-

trated byF.Gianni et al. [81],which support the integration andaugmentation of everyday objects,

making IoT prototyping accessible and straightforward. However, our research in Chapter 7 pro-

vides a critical perspective on iterative problem-solving, advocating for development tools that

support IoT solutions’ creation and iterative refinement. This approach ensures that the toolswe

develop are user-friendly, flexible, and comprehensive enough to bridge the gap between ideation

and practical implementation, ultimately leading to the development of complex, interactive

IoT applications that are accessible to non-experts and effective in real-world scenarios. This

holistic view facilitates initial development andprovides ongoing support for troubleshooting and

refinement, thereby ensuring the successful realisation of IoT projects in diverse and practical

contexts.

In Chapter 2, particularly inScenarioB: Family-focusedData andScenarioC: CitizenScience,we

highlighted the challenges of scaling IoT systems to accommodate group dynamics and larger

community settings. As the complexity of coordination and group dynamics increases in com-

munal contexts, these scenarios reveal gaps in existing IoT systems, particularly their limited

capacity to support collaborative and community-based projects’ unique coordination and techno-

logical needs. This contrast underscores the need for future research that explores sociological

and technological supportmechanisms tailored for larger-scale, communal IoT implementations.

By addressing these gaps, future frameworks could facilitatemore effective IoT adoption in real-

world scenarios, ultimately creating adaptable and supportive tools across both individual and
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collective use cases.

The sub-topic ofUser-Centred Design and UX in IoT addresses the intricate challenges and

methodologies associatedwith creating intuitive and user-friendly IoT interfaces and services.

The existing literature underscores the complexity of this task and the necessity for multidis-

ciplinary approaches to cater to diverse user needs. For example, F. V. Gianni [83] highlights

how IoTdevelopment often requires users to adapt tomachine-centric languages and complex

processes, posing significant barriers for non-experts. F. V. Gianni’s work centres on simplifying

thedevelopment processusinguser-centreddesign andHCIprinciples, particularly in the context

of smart city learning –where citizens engagewith city data and services to foster awareness

and lifelong learning. Gianni aims to reduce barriers and enhance user engagement through

iterative prototyping and design sciencemethodologies. Complementing this, Paternò andSan-

toro [144] discusses the challenges of end-user development (EUD) in IoT, emphasising the need

for environments that support dynamic interactions among users, devices, and contexts. Their

work outlines a design space for EUD, advocating for tools that democratise IoT development by

making it accessible to non-programmers, which is further explored through the IoTDesignDeck

byDibitonto et al. [61], facilitatingmultidisciplinary collaboration in creating connected products

with a service-oriented approach.

In contrast, our research fromChapter 4 provides an in-depth perspective over time on the user

experiences of end-user developers, revealing the practical challenges they facewhen interacting

with IoT systems. This chapter underscores the critical need for designing tools that facilitate

user interaction and adapt to evolving requirements and constraints, emphasising a user-centric

approach. Additionally, Chapter 6 explores user needs during project assembly, highlighting

the importance of developing tools that guide users through the complexities of assembling IoT

projects, enhancing the overall user experience.

Dibitontoet al. [60]proposeaco-designmethod toaddress thenewparadigmofhuman-computer

interaction introduced by IoT, advocating for seamless user experiences in IoT products. Their

method promotes collaboration amongmultidisciplinary teams and encourages prototyping and

user testing to create intuitive, user-centric IoT solutions. Unlike this approach, ourwork focuses

on novice developerswho typicallywork in isolation, without access tomultidisciplinary teams or

extensive resources. The scenarios presented inChapter 2, particularlyScenarioA: Individual

(Subsection 2.1.1) and Scenario B: Family-focused Data (Subsection 2.1.2), involve individuals

or small family groupswho rely on self-guided learning andminimal external support. In these

cases, the co-design approach proposed byDibitonto et al. [60], which is tailored for professional

and collaborative environments, would not be practical. However, this approachmay bemore

applicable in contextswhere participants have specific expertise andworkwithin a collaborative

framework, suchas inScenarioC:CitizenScience (Subsection2.1.3). In contrast, our investigation

focuses on understanding how to empower independent developers, helping them independently

navigate the complexities of IoT development.

As detailed in Chapter 7, our findings emphasise the importance of user-friendly troubleshooting

tools and protocols to ensure effective problem resolution and seamless user interactionwith IoT
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applications. Together, these insights advocate for a comprehensive approach to user-centred

design in IoT, integratingpracticalperspectives todevelop technologicallyadvancedandengaging

systems for users, thereby enhancing usability across various contexts.

8.2.2 | Creative Processes and Tools

This section presents a comparative analysis of themethodologies and instruments employed in

our research against existing literature, organised into two key subtopics: Ideation andConcep-

tualTools andCreativeProcesses andExploration. The first subtopic, Ideation andConceptual

Tools, compares the ideation processes and conceptual tools utilised in our studywith those docu-

mented in prior research. It highlights the evolution of ideation frameworks and the effectiveness

of tools like brainstorming cards, structured ideation techniques, and digital platforms in foster-

ing creativity and innovationwithin the IoT domain. We examine how these tools facilitate the

generationofnovel ideasandcompare their impacton thecreativeprocessacrossvariouscontexts

and user groups. The second subtopic,Creative Processes andExploration, investigates how the

creative processes and exploratorymethods applied in our research alignwith or differ from those

identified in previous studies. It critically analysesmethodologies such as design thinking, rapid

prototyping, and iterative exploration, discussing their roles in encouraging experimentation

and innovation. By contrasting our approacheswith established practices, this subsection offers

a comprehensive understanding of the dynamic interplay between creative processes and tool

usage in IoT design and development.

Ideation and Conceptual Tools

The ideation process is pivotal for driving innovation and creative problem-solvingwithinHCI

and IoT. This subsection examines the landscape of ideation and conceptual tools, particularly

their application in IoT development and design. We examined three primary areas: Card-Based

IdeationTools, exploring their role in fostering creativity and structured brainstorming through

engaging, tactilemethods;Evaluation andDevelopment of IdeationTools, assessing the effec-

tiveness of various tools in aiding designers and endusers in conceptualising connected products;

and IoT-Specific IdeationTools, focusingon tools tailored to theunique challengesof IoTproduct

development, aiding in the transition fromabstract concepts to tangible prototypes. This explo-

ration aims to provide a comprehensive understanding of the current landscape, highlighting

how the innovative approaches in this thesis, including our bespoke ideation deck for end-user

developers discussed in Chapter 5: Concept Refinement and Ideation, alignwith and contribute

to these established domains.

Thework presented in Chapter 5 aligns closelywith established principles of card-based ideation

tools, as highlighted in the literature. We introduced a structured, card-based system aimed

at reducing ambiguity and assisting end-user developers in defining and refining their project

ideas. This approach is consistentwith the concept of IdeationDecks, which facilitate tackling

specific design problemswithin a broader context through parallel design practices and iterative

explorations Golembewski and Selby [85]. The use of conceptual cards in our study supports

creative dialogue. It provides a tangible framework for idea generation, echoing the findings of
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Hornecker [91] on the utility of card games in promoting creative discussions.

Furthermore, the Envisioning Cards toolkit, discussed by Friedman and Hendry [75], empha-

sises integrating human values in the design process, which our work also aims to achieve by

encouraging a user-centred approach tomobile app development. Our contribution leverages the

benefits of card-based tools for ideation, focusing on practical applications inmobile technology

and underscoring their role in bridging the gap between abstract concepts and tangible project

outcomes. This is particularly evident in the comprehensive design of the deck,which categorises

cards into themes like technology components and user interactions, enabling users to explore

various project configurations visually and tangibly.

Real-world contexts, such as those illustrated byScenarioB: Family-focusedData in Chapter 2,

reveal how diverse learning styles and user interactions shape the ideation process in family-

orientedorsmall-groupIoTprojects. Whileexisting ideationtoolkitscanbeapplied in thiscontext,

family-oriented projects often require flexible and adaptable tools that can accommodate the

varied creative processes of different users—such as accommodating individual preferences,

learning speeds, or levels of familiaritywith technology. This need for flexibility resonateswith

findings in both our study and the broader literature, which stress the importance of adaptable

frameworks in group-based settings.

In evaluating and developing ideation tools, our work provides a detailed account of the itera-

tive design process used to create the conceptual card deck, aligning with the methodologies

discussed byDeRoeck et al. [47], who emphasise the integration of physical and digital elements

in product design. Chapter 5 identifies challenges in the ideation phase for end-user developers

and introduces a structured tool to address them, validating its effectiveness throughauser study.

This approachmirrors the development and testing of theMappingThe IoTToolkit, presented

byVitali andArquilla [177], which also underscores the importance of iterative refinement and

user feedback. Our user study focuses on evaluating the efficacy of the card deck through em-

pirical data collection, including participant feedback and observations. The insights gathered

validate thehypothesis that structured support enhances the ideationprocess, providing valuable

directions for future refinement. While the work in Chapter 5 focuses onmobile applications,

its principles andmethodologies are relevant to IoT product ideation. The IoTDesignDeck, dis-

cussed byDibitonto et al. [61], and the IoTDesignKit byDeRoeck et al. [48], emphasise the need

for tools that support the complex,multidisciplinary nature of IoT design.

Creative Processes and Exploration

This sectionpresents a comparative analysis of the “CreativeProcesses andExploration” involved

in IoT development for end-user developers, integrating findings from this researchwith existing

literature. A significant focus is on the facilitation of creative ideation and concept development.

Existing studies, such as those byGolembewski andSelby [85] andFriedman andHendry [75],

demonstrate the effectiveness of ideation decks andEnvisioningCards in aiding non-experts to

generate and refine ideas. These tools offer a structured and engaging approach to brainstorming

and problem-solving, which is crucial for transforming abstract ideas into tangible project plans.

The findings from Chapter 5, where a bespoke card deck was developed to support end-user
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developers inmobileapplication ideation, illustratehowsuchstructuredsystemscansignificantly

reduce ambiguity and enhance the creative process. This deck, similar to the ideation tools

discussed in the literature, highlights the importance of a tactile, visual approach in facilitating

concept development andunderscores the valueof engagingmethodologies in fostering creativity.

The simplification of prototyping and development processes is another critical aspect, with

existing research byRizvi [148] andMora et al. [127] showcasing the role of accessible and user-

friendly toolkits in bridging the gap between high-level concepts and functional IoT prototypes.

These studies resonatewith the outcomes inChapter 6, which discusses the extendedTILES

IoTToolkit designed to assist non-expert developers in IoT project assembly and programming.

The toolkit’s approach, encompassing detailed instructions and visual aids, alignswith the itera-

tive design and feedback processes emphasised byVitali andArquilla [177] in their work on the

MappingThe IoTToolkit. This alignment highlights the effectiveness of providing structured

and supportive environments for end-user developers,making IoT prototypingmore accessible

andmanageable.

Furthermore, the necessity for guided troubleshooting and intuitive support systems is under-

scored in both the thesis findings and the existing literature. Studies byDibitonto et al. [60] and

DeRoeck et al. [47] emphasise the importance of integrating effective troubleshootingmecha-

nisms into ideation tools to assist users in resolving issues during development. This is corrobo-

rated by the findings inChapter 7, where a structured troubleshooting protocolwas developed

to help non-experts navigate technical challenges. The practical implications of these studies

and the research presented in the thesis highlight the necessity for clear, step-by-step guidance to

maintainuserengagementandensuresuccessfulprojectoutcomes. Thethesisandexisting litera-

ture demonstrate the potential for empowering end-user developers to innovate effectivelywithin

the IoT domain by providing comprehensive support systems that facilitate problem-solving and

iterative development.

8.2.3 | Motivation and Broader Context

This section explores the pivotal role of gamification andmotivational strategies in IoT develop-

ment for end-user developers, comparing our findingswith existing literature to evaluate their

effectiveness. In theGamification andMotivation sub-section, we assess howgamified elements

andmotivational frameworks employed in this research align with or diverge from past stud-

ies, highlighting their impact on user engagement and creativity. The subsequent sub-section,

Broader Context and Additional Insights, situates the findings within a wider landscape, dis-

cussing the broader implications and novel insights that extend beyond the immediate scope

of the study. This comprehensive analysis not only underscores the relevance ofmotivational

strategies in fostering user involvement but also contextualises the study’s contributionswithin

the broader field, providing a deeper understanding of the challenges and opportunities in IoT

development for non-expert users.
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Gamification and Motivation

Gamification andmotivational strategies play a critical role in enhancing the engagement and

creativity of end-user developers, particularly in the context of IoT project development. Existing

literature, such as that byDeterding [56], highlights the effectiveness of gamification in fostering

motivation and user participation through elements like points, badges, and leader-boards. In

Chapter 4, the long-term study reveals the challenges non-expert developers face inmaintaining

motivation throughout the IoT project lifecycle. The findings underscore the importance of incor-

porating gamified elements to sustain user engagement and reduce the perceived complexity of

IoT projects. Similarly, Hornecker [91] discusses howgamified card-based tools can transform

abstract ideation into structured and enjoyable activities, which aligns with themethods em-

ployed in Chapter 5 to facilitate concept refinement and ideation through a bespoke card deck

designed to support creative processes.

InChapter6andChapter7, gamification isakeystrategy tosimplifyprototypingandtroubleshoot-

ing for end-user developers. Chapter 6 introduces an extended version of theTILES IoTToolkit,

which incorporates gamified elements such asQR-coded instructional cards that link to interac-

tive online resources. This approach echoes the principles discussed byMora et al. [128], who

emphasise the role of gamification inmaking IoT developmentmore accessible and engaging

for non-experts. Furthermore, Chapter 7 focuses on guided troubleshooting, highlighting the

effectiveness of gamified support systems in helping users navigate technical challenges. This is

consistentwith thefindings ofRizvi [148],whoadvocate for the use of gamified toolkits like IoTgo

to support end-user development in IoT. By integrating gamification andmotivational strategies,

these chapters enhance user experience and alignwith broader research, indicating that such

approaches are crucial for successfully empowering non-expert users to engagewith complex IoT

technologies.

The three scenarios inChapter2 illustratedistinctmotivational contexts—individual, family, and

community settings—each shaped by unique social dynamics. Inmulti-person scenarios, social

factors such as peer support, shared goals, and accountability significantly influence a project’s

progression. For example, individual projects (Scenario A) are driven primarily by personal goals

like health or productivity. On the other hand, family-focused projects (Scenario B) aremotivated

by shared interests, benefiting from collaborative challenges and collective rewards that foster

family bonds andmutual engagement. In community settings (Scenario C),motivations often

arise from communal goals or local concerns, with public recognition and shared achievements

playing a central role. This diversity underscores the need formotivational strategies that align

with the specific social context, contrastingwith the individual-centred approachesmore predom-

inant in existing literature. Recognizing these nuances is crucial for designing support systems

that engage users effectively across diverse IoT project scales, ensuring thatmotivational strate-

gies are contextually relevant and resonant.

Broader Context and Additional Insights

Thefindings fromChapters 4 to 7 provide valuable insights into the broader context of IoT devel-

opment for end-user developers, particularly concerningmotivational strategies. These include
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tangible elements like cards, interactive tools, andsubtle aspects of gamification, suchasprogres-

sion systems and celebratory feedback (e.g., “Time to celebrate!”) whenmilestones are reached.

The practical challenges identified in Chapter 4, such as sustaining engagement and overcoming

technical barriers, underscore the need for dynamic and supportive environments. This is con-

sistentwith the insights provided by Paternò andSantoro [144], who emphasise the importance

of designing inclusive systems that cater to a wide range of user experiences and capabilities.

By aligning the study’s findingswith the principles of user empowerment discussed byBlack-

well [17], the thesis highlights the critical role of tailored, user-centric approaches in fostering

motivation and engagement among non-expert developers. The structured card deck introduced

in Chapter 5 provides a practical example of howgamified tools can enhance creative processes,

reflecting broader trends inHCI research that advocate for the integration of playful elements to

facilitate learning and ideation, as discussed byVitali andArquilla [177].

Furthermore, the iterative development and evaluation of theTILES IoTToolkit in Chapter 6

alignwith the broader discussions on the importance of providing robust support systems for end-

user developers. F. V. Gianni [83] emphasise the need for comprehensive toolkits that simplify

technical processes and enhance usermotivation through gamified interactions. The study’s

focus on guided troubleshooting in Chapter 7 extends the discourse by highlighting the necessity

of clear, user-friendly protocols to support problem-solving, a point underscored byDesolda et

al. [53]. This chapter’s findings resonatewith the broader context provided byGennari et al. [79],

who discuss integratingmotivational strategies into support tools tomaintain user engagement

and enhance the learning experience. Overall, our work integrates these broader insights by

demonstrating howgamification andmotivational strategies can empower end-user developers,

bridging gaps in existing research and providing practical solutions for real-world applications in

IoT development.

In conclusion, the comparisonwith previous research underscores the significant stridesmade

in this study towards understanding and supporting end-user developers in IoT projects. By

integrating gamification and motivational strategies, the research addresses the immediate

challenges of non-expert developers and contributes to a broader discourse on enhancing user en-

gagement and creativity. Thefindings highlight the critical need for comprehensive, user-friendly

toolkits that bridge the gap between conceptual ideation and practical implementation, echoing

the themes identified in previous studies. Moving forward, this research lays the groundwork for

developingmore integratedandaccessible support systems that empowerdiverseusers toengage

with complex IoT technologies effectively. This holistic approach,which combines theoretical

insightswith practical applications, provides a robust foundation for future advancements in IoT

development for end-user developers.

8.3 | Methodological Reflections

Themethodology utilised in the user studies presented inChapter 4, Chapter 5, Chapter 6, and

Chapter 7 is multifaceted and encompasses various stages, participants, and data collection

methods. This presents strengths, weaknesses, and limitations, whichwewill detail below. We
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also present suggestions for improvements that can bemade in the following studies in the area.

8.3.1 | Strengths

The methodology employed in the user studies exhibits several commendable strengths, as

outlined below:

– Variety ofmethods: The combination of a long-term study, surveys, prototyping, and semi-

structured interviews offers a rich, multi-dimensional understanding of the participants’

experiences and challenges.

– Iterative design: In some cases (e.g., the long-term study presented in Chapter 4), the

methodology allows for a preliminary study to inform the main study, a good practice in

design-oriented research. This iterative approach can help refine the research tools and

questions based on early findings.

8.3.2 | Weaknesses

Despite the methodological strengths, we identified certain weaknesses, which are detailed

below:

– Participant selection: Due to limited access tomany interested potential participants, se-

lecting participantswas convenient rather than systematic. While this approach is common

in exploratory studies, itmay not provide a representative sample of end-user developers.

– Limited sample size: The studies involve a small number of participants. While this allows

for in-depthanalysis, itmaynot capture the full rangeof experiencesandchallenges end-user

developers face.

– Complexity in documentation: Themethods require participants to engagewith various

tools and ad hoc documentation, whichmight be challenging for some as they do not possess

any previous experience, and the new environment is intimidating. This lack of familiarity

can lead to difficulties in understanding andusing the tools effectively, potentially impacting

the quality and authenticity of the data collected. Additionally, participantsmight opt to say

they understand things they do not to avoid feeling dumb in the context of the study, further

complicating the documentation process and skewing the study’s results.

8.3.3 | Limitations

Our research also presented limitations that should be acknowledged, as outlined in the following

points:

– Potential bias: Participants, aware of being observed as part of the study, might alter be-

haviours—such as engagement levels or task persistence—which could affect the authentic-

ity of the data collected.
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– Technical support: The level of technical support provided during the studymay not reflect

the limited assistance available in real-world settings, potentially influencing participants’

success in completing tasks and their overall experience.

– Individual-orientedStudies: Akey limitation of our research is its individual-oriented focus,

whichmay overlook the complex social dynamics—such as collaboration, peer influence, and

shared accountability—present in family or community IoTprojects, as outlined inChapter 2.

These dynamics can introduce unique challenges and motivations that are essential for

understandingmulti-person settings in IoT development.

8.3.4 | Suggestions for Improvements

To address the identifiedweaknesses and limitations, the following suggestions are proposed for

future research enhancements:

– Increasesamplesizeanddiversity: Future research should aim for a larger andmorediverse

participant pool. Expanding beyond the university community and including participants

with varying levels of experience and diverse backgroundswould enhance generalisability

and provide broader insights into the needs of different user demographics.

– Longitudinal follow-up: Conduct follow-up studieswith the same participants over an ex-

tendedperiod tounderstandthe long-termimpactandsustaineduseof the toolsandmethods

introduced, examining how they adapt to or continue using these tools in their ongoing IoT

projects.

– Controlled vs. natural setting: Compare findings from controlled environments (such as a

lab)with in-the-wild studies in natural settings (e.g., participants’ homes orworkplaces) to

assess howdifferent environmentsmight influence the IoT development process and the

practical applicability of the tools andmethods.

– Real-worldcontext: Conductstudieswithactualend-userdevelopersworkingonrealprojects,

as this could offer authentic insights into the challenges, problem-solving strategies, and

successes that emerge in real-world IoT development scenarios.

– Blind trials: To reduce potential bias fromparticipants’ awareness of being studied, consider

implementing blind trialswhere participants are unaware of the specific research focus or

believe they are part of a different study, thereby fostering more natural behaviours and

reactions.

– Group-driven projects: Future research could benefit from examining group-driven projects,

as these studieswould provide deeper insights into themotivational, collaborative, and or-

ganisational challenges unique tomulti-person IoT development settings—as the scenarios

presented in Chapter 2. This focus could reveal how social dynamics such as peer influence,

collective decision-making, and shared accountability impact the project outcomes.
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While themethodology used in the user studies has its strengths in providing a detailed, nuanced

understanding of the end-user developers’ journey, there are notable limitations, particularly

concerning sample size and diversity. Future research should aim to address these limitations

whilebuildingonthestrengthsof themulti-methodapproachtoprovideevenmorecomprehensive

insights into the challenges and needs of end-user developers in IoT.

8.4 | Contributions to the Field

The research presented in Chapters 4 to 7 advances the field of IoT development for end-user

developers by addressing critical challenges and introducing innovative tools andmethodologies.

Chapter 4 highlights the practical challenges end-user developers face, such as the complexity

of integrating hardware and software components and the need for sustainedmotivation. By

focusing on these real-world obstacles, the study provides valuable insights into the specific

needsof non-expert developers. It underscores the importance of creating intuitive andaccessible

tools that facilitate the entire development lifecycle from ideation to implementation.

A notable aspect of this research involves the introduction of gamified ideation, prototyping and

troubleshooting processes, designed to enhance user engagement and creativity. Chapter 5 intro-

duces a bespoke card deck to assist end-user developers in the ideation phase,making abstract

concepts tangible and easier to explore. This gamified approach fosters creativity and reduces

the cognitive load associatedwith the initial stages of IoT project development. Furthermore,

the iterative development of the extended version of theTILES IoTToolkit, as detailed in Chap-

ter 6, incorporates gamified elements to simplify the prototyping process, thus bridging the gap

between high-level ideas and functional prototypes. These innovations demonstrate a signifi-

cant shift towards user-friendly design in IoT development tools, highlighting the potential for

gamification to lower barriers to entry for non-experts.

The significance of our research in advancing current knowledge is evident in its comprehensive

approach to problem-solving in the IoTdomain. Chapter 7 focuses onguided troubleshooting, pre-

senting a protocol that integrates clear, step-by-step instructions to assist non-expert developers

in resolving technical issues. This approach is critical in ensuring the successful deployment of

IoT projects, as it addresses one of themajor pain points for end-user developers: the complexity

of troubleshooting and debugging. By providing a structured support system that combines

theoretical insightswith practical applications, this research not only enhances the usability of

IoT tools but also contributes to a deeper understanding of how to support non-expert users in

complex technological environments effectively.

The research in this thesis contributes significantly to the field by offering innovative solutions

that address theunique challenges end-user developers face in IoT.Developinggamifiedanduser-

centric tools empowers non-experts to engagemore deeplywith IoT technologies. It sets a new

standardfor futureresearchanddevelopment inthisarea. Byadvancingourunderstandingofhow

to support andmotivate end-user developers effectively, this study provides a robust foundation

for creatingmore inclusive and accessible IoT ecosystems, ultimately driving innovation and
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enabling a broader range of users to participate in the digital transformation.

8.5 | Future Research Directions

Future research in IoT development for end-user developers could build upon the foundational

insights presented in this thesis by exploring new avenues that enhance the accessibility and

effectiveness of support systems for non-experts. One promising area for future investigation is

integrating artificial intelligence (AI) into IoT development tools. By leveragingAI, future tools

could providemore personalised and adaptive support, tailoring guidance and troubleshooting

assistance to individual users’ unique needs and skill levels. For instance, AI assistance can

enhance the ideation process, helping users brainstormand refine innovative ideas by suggesting

potential solutions and improvements based on a vast repository of knowledge and patterns.

Additionally, AI could offer copilot support for developing and troubleshooting IoT software,

assisting users in real timewith code suggestions, error detection, and problem resolution. This

couldsignificantly reduce the learningcurveassociatedwith IoTdevelopmentandmakeadvanced

technological capabilitiesmore accessible to a broader audience.

Acriticalarea requiring furtherexploration is the long-termimpactofgamificationonuserengage-

ment and learning outcomes in IoT development. While Chapter 5 andChapter 6 demonstrate

the immediate benefits of gamified tools in enhancing creativity andmotivation, it is essential

to conduct follow-up studies to assess the sustained impact of these strategies over time. As

end-user developers continue using the gamified environment, they keep learning and becoming

more efficient and effective in creating and implementing new solutions. This ongoing engage-

ment can lead tomore profound skill development, increased confidence in tackling complex IoT

projects, andbetter integrating innovativeapproaches into theirworkflows. Future researchcould

investigatehowongoing engagementwith gamified tools influences thedevelopment of technical

skills, problem-solving abilities, and overall project success rates among end-user developers.

Additionally, exploring the balance between fun and functional elements in these tools could

provide deeper insights into optimising their design formaximumeducational benefit.

Another area ripe for future research is the development of comprehensive frameworks that in-

tegrate hardware, software, and network components into a seamless user experience for IoT

development. Ashighlighted inChapter 7, non-expert developers often strugglewith the complex-

ity ofmanaging these diverse elements. Future studies could focus on creating unified platforms

that streamline the integration process, enabling end users to conceptualise, prototype, and

implement IoT solutions more easily. Investigating the role of augmented and virtual reality

in providing immersive, hands-on learning experiences could also open new possibilities for

enhancing the practical understanding of IoT systems among non-experts.

Future research should also address the socio-technical aspects of IoT development, particularly

in terms of privacy, security, and ethical implications. While the current research has made

significant strides inmaking IoT technologiesmore accessible, there is a need to explore how

these technologies can be designed to safeguard user data and ensure ethical use. Studies that
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examine user perceptions of privacy and security in IoT development and how these concerns

influence the adoption and use of IoT tools could provide valuable insights for creating more

trusted and secure IoT ecosystems. By building upon the current work, future research can

contribute to developingmore inclusive, ethical, and secure IoT environments that empower all

users to participate confidently in the digital landscape.

8.6 | Limitations

Despite thesignificantcontributionsmadeby this research, it is important toacknowledgeseveral

limitations thatmay have influenced the findings presented in this thesis. Onemajor limitation

is the reliance on a relatively small sample size for user studies, whichmay not fully capture the

diversity of end-user experiences and perspectives in IoT development. Future research should

aim to include amore diverse participant pool to ensure that the findings are representative of a

broader user base and to explore howdifferent user demographics interactwith IoT tools.

Another limitation lies in the focus on specific types of IoT projects and the tools developed for

them (e.g., a standing desk using a distance sensor to detect its position). The research in Chap-

ter 6 and Chapter 7 was centred around the extended version of the TILES IoT Toolkit and a

bespoke set of cards correspondingly, whichwere tailored to certain aspects of IoT development.

While these toolswere effectivewithin the scope of the study, theymay not address all the chal-

lenges end-user developers face in different contexts orwith varying project requirements. The

specificity of the tools and the contexts in which they were tested might have influenced the

outcomes, potentially overlooking broader challenges and opportunities in the IoT landscape.

Exploring awider range of tools and project types could provide amore comprehensive under-

standing of the needs and challenges of end-user developers.

The studies also primarily focused on the initial stages of IoT project development, such as

ideation, prototyping, and troubleshootingasdetailed inChapter5,Chapter6andChapter7. This

emphasismeans less attentionwas given to later stages, such asmaintenance, and scaling of IoT

solutions. Thesestagespresentuniquechallengesandopportunities forend-userdevelopers, and

further research is needed to address these areas comprehensively. Additionally, while valuable,

the studies’ reliance on user feedback and observational datamay introduce biases that affect the

interpretation of results.

Future researchcouldadoptamoreholisticapproachtoaddress these limitationsby incorporating

studies that track end-user developers throughout the IoT project lifecycle. Thiswould provide

deeper insights into howusers’ needs and challenges evolve and how they interact with IoT tools

at different stages of development. By acknowledging and addressing these limitations, future

studies can build on the currentwork to developmore effective and inclusive support systems for

end-user developers in the rapidly evolving field of IoT.
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8.7 | Summary

In this chapter, we have critically analysed the findings fromour user studies on IoTdevelopment

for end-user developers, comparing themwith existing literature and exploring their broader

implications. We began by summarising the primary outcomes of our research, highlighting

how our approach has provided valuable insights into the needs and challenges of non-expert

developers. We identified critical gaps in existing support systems for non-expert developers,

particularly in the areas of building and troubleshooting. We proposed tools andmethodologies

to address these gaps, including tangible components like information cards connected to online

resources and guided, step-by-step protocols discussed in Chapters 4 through 7. The broader

implications of these findings suggest that by integrating user-centric and gamified approaches,

future IoT systems can become not onlymore accessible but alsomore engaging, fosteringmore

significant innovation and collaboration across different user groups.

The comparative analysiswith existing research in Section 8.2: Comparisonwith PreviousRe-

search reinforced the unique contributions of this study. Ourwork extends the existing body of

knowledge by thoroughly examining howgamification andmotivational strategies can enhance

user engagement and creativity in IoT projects. We demonstrated thatwhile current tools often

simplify individual aspects of IoT development, amore integrated approach is needed to support

non-expert developers comprehensively.

In the broader context, our research highlights the critical need for innovative and accessible IoT

development tools that cater to a diverse user base. The novel aspects of our study, including

the bespoke card deck and the extendedTILES IoTToolkit, provide newpathways for end-user

developers to engagewith IoT technologies effectively. These contributions significantly promote

amore inclusive approach to IoTdevelopment, empowering amore comprehensive range of users

to participate in the digital transformation. The insights from this research pave the way for

future studies to explore and refine these tools, ensuring that IoT technologies becomemore

accessible and user-friendly for non-experts.

Themain contribution of this research is its comprehensive approach to supporting end-user

developers through interactive and user-centric design principles. This study addresses non-

experts’ immediate challengesby incorporatinghands-on tools like conceptual cardsand focusing

on user-friendly design. It sets the stage for future innovations in IoTdevelopment. The impli-

cations of these findings extend beyond the immediate scope of this research, offering valuable

guidance for developingmore effective and inclusive support systems that can drive the broader

adoption and success of IoT technologies in various contexts.
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Chapter 9

Conclusion

“Objectivity is the subject’s delusion

that observing can bemadewithout him.

—Heinz vonFoerster

as cited in Schaefer,TheCertainty ofUncertainty [159]

THIS CHAPTER SUMMARISES THE THESIS bypresentingoverarching insights andemphasising the sig-

nificance of thework. It reviews the research questions, synthesises key findings, and reiterates

contributions to the field. It also discusses the broader technological and societal implications of

our research.

The chapter unfolds the following sections: Section 9.1: Summary ofKey Findings provides an

overviewof theessential contributions fromeachchapter, illustratinghowour researchaddresses

the key questions and enhances the landscape of IoT for end-user developers. Section 9.2: Con-

tribution toKnowledge presents themain contributions of this research to supporting end-user

developers in IoT projectswithin theHuman-Computer Interaction (HCI) domain. Wediscuss

key advancements, including empirical and theoretical insights, practical contributions, and the

introduction of new tools andmethodologies. Section 9.3: Limitations and Further Research

outline directions for further research that emerge from this study’s findings. We identify key

areas that requiremore in-depth exploration to better support end-user developers in IoT projects

and suggest specific topics for future investigation. Section 9.4: Final Remarks presents our final

remarks.

9.1 | Summary of Key Findings

This section aims to articulate the primary insights and findings from each chapter of this thesis.

The overarching goal of this research was to explore the complexities of IoT development for
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end-user developers and to identify effective support strategies to facilitate the realisation of

bespoke projects.

In the beginning, this research aimed to address the following central question:

Q |Why is it challenging for end-user developers to develop simple IoT systems despite

the availability and affordability of technology?

Supporting this central questionwere several sub-questions:

RQ1 |What barriers do end-user developers face in creating bespoke IoT projects?

RQ2 | Inwhatways can targeted support during the ideation phase improve end-user devel-

opers’ ability to conceptualise unique technology-driven solutions?

RQ3 |What essential support strategies enhance end-user developers’ success in building

and programming IoT projects?

RQ4|What formsofsupportdoend-userdevelopers require toefficiently identifyandresolve

issues in their IoT projects?

Having restated the primary research question and its supporting sub-questions, we now sum-

marise each chapter’s key insights and findings. These summaries highlight themain contribu-

tions and outcomes of the research, providing a comprehensive overview of how each chapter

addresses the research questions and advances our understanding of IoT development for end-

user developers.

9.1.1 | Summary of Each Chapter

This section provides a concise summary of the key insights and findings fromeach thesis chap-

ter. The following paragraphs present an overview of the research context,methodologies, and

significant contributions detailed in Chapters 1 through 8, highlighting the primary conclusions

drawn fromeach study segment.

– Chapter 1: Introduction

The introduction presented a comprehensive overview of the IoT evolution and its relevance

to end-user developers. It established the research context, motivation, and hypothesis,

emphasising the need to simplify IoT development to reach a broader group of end-user

developers.

– Chapter 2: IoTAcrossScenarios

The chapter explored diverse scenarios, illustrated potential IoT applications, and identified

common technical and user-centric requirements. It highlighted the need for a plug-and-play

approach, ease of configuration, and reliable interconnectivity.

– Chapter 3: SupportingEnd-UserDevelopers

Athoroughreviewofexisting literatureand toolkits revealedgaps incurrent IoTsupport tools
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for end-user developers. This chapter underscored the necessity formore comprehensive,

user-friendly resources to help in IoT development.

– Chapter 4: Observing anEnd-UserDeveloper

The long-term study presented in Chapter 4 provided an in-depth case study of an end-user

developer’s journey in creating a bespoke IoT project. Key skills required, such as electronic

circuit construction and coding, were identified, alongwith the significant challenges faced.

– Chapter 5: ConceptRefinement and Ideation

This chapter introducedanovel deckof conceptual cardsdesigned to aid in the ideationphase

of a technology-driven project. The user study inChapter 5 demonstrated that systematic

support significantly enhances the ability of end-user developers to refine and conceptualise

their project ideas.

– Chapter 6: ProjectEnabler

Byextending theTILESIoTToolkitwithdetailed instructionsandQRcode links, this chapter

demonstrated that enhanced toolkits effectively support the practical implementation of

bespoke IoT projects. Participants in the study presented in Chapter 6 successfully used the

provided toolkit to build functional prototypes.

– Chapter 7: GuidedTroubleshooting

The systematic troubleshooting protocol evaluated in this chapter improved the efficiency of

end-user developers’ problem-solving. The user study inChapter 7 confirmed that step-by-

step guidance is crucial for end-user developerswhen identifying and resolving issues.

– Chapter 8: Discussion

Acritical evaluation of the findings fromall the user studies provided a synthesis of end-user

IoT development compared with existing literature. This chapter highlighted the multi-

faceted challenges and the importance of user-centric design in support tools.

This thesis significantly contributes to IoT and end-user development by identifying key chal-

lenges, proposing effective support strategies and validating them through empirical studies.

The research addresses the initial hypothesis and provides practical implications for enhancing

end-user developers’ experiences and outcomes in IoT projects.

Thefindingsof this researchunderscore the importanceof comprehensive, systematic support for

end-userdevelopers in theIoTdomain. Byaddressingthe identifiedchallengesand implementing

the proposed strategies, the IoT community can empowermore individuals to develop their IoT

solutions successfully. These key findings provide a foundation for the subsequent discussion on

our contribution to knowledge, future research avenues andfinal remarks, as presented in the

following sections of this chapter.

9.2 | Contribution to Knowledge

This section outlines the contributions of this research to supporting end-user developers in IoT

projects within the broader context of Human-Computer Interaction (HCI). Identifying these
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contributions is crucial for advancing the field, as it highlights the novel insights and practical

applications that can drive future research and innovation. The following paragraphs explore

the key areas of contribution, culminating in a summary of themain advancements in IoT and

end-user development.

9.2.1 | Advancements in IoT for End-user Developers

This thesis advances the understanding of IoTdevelopment tailored to end-user developers by

addressing their unique challenges and proposing effective support mechanisms. Through a

series of user studies, the research identifies critical skills required and obstacles non-experts

encounter when developing bespoke IoT projects. Focusing on the entire development lifecy-

cle—from ideation to troubleshooting—this research provides a holistic view of the end-user

developer’s journey, highlighting key areaswhere support ismost needed.

One of the major contributions is the introduction of tools andmethodologies specifically de-

signed to simplify the IoT development process for non-experts. Developing and evaluating the

conceptual card deck for ideation, enhancedTILES IoTToolkit, and systematic troubleshooting

protocol exemplify how tailored support can empower end-user developers. The conceptual card

deck simplifies brainstorming by providing visual and tangible aids that help users systemat-

ically organise and refine their ideas. This tool addresses the initial conceptual challenges of

non-experts, enabling them to envision feasible projects without needing extensive technical

knowledge.

Additionally, enhancing the TILES IoTToolkit and introducing a systematic troubleshooting

protocol significantly improve practical support for end-user developers. The enhanced toolkit

includes detailed instructions andQR code links to online resources, bridging the gap between

abstract concepts and real-world implementation. Thismakes the assembly and programming of

IoT projectsmore straightforward. The troubleshooting protocol offers a step-by-step approach

to identifying and resolving issues, reducing the frustration often associatedwith technical prob-

lems. These tools empower non-experts to successfully navigate the complexities of IoTdevel-

opment, from initial concept to functional prototype,making IoT technologymore inclusive and

user-friendly.

While these tools have been tested as proofs of concept in a lab environment, there is significant

potential to develop them further into fully-fledged products. Futurework could focus on refining

these tools based on user feedback, enhancing their usability, and integrating them into com-

prehensive IoTdevelopment platforms. This ongoing developmentwould ensure that the tools

meet the initial design goals and evolve to address emerging needs and challenges in the rapidly

changing landscape of IoT technology.

9.2.2 | Empirical and Theoretical Insights

In this section, we discuss the key insights gained from the user studies presented in Chapters 4

to 7, categorising them into empirical and theoretical contributions. The empirical insights draw
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fromhands-on observations and user experiences, providing concrete evidence of the challenges

and successes encountered by end-user developers in IoT projects. The theoretical insights build

on these findings to propose newmodels and frameworks that advance our understanding of IoT

development for non-experts. Together, these insights highlight the practical implications of

our research and contribute to the broader academic discourse inHuman-Computer Interaction

(HCI) and IoT.

Empirical insights

Thefouruserstudiesdetailed inChapter4: ObservinganEnd-UserDeveloper,Chapter5: Concept

Refinement and Ideation, Chapter 6: Project Enabler, andChapter 7: GuidedTroubleshooting

provide valuable empirical insights. The following paragraphs present these insights, organised

according to the findings from each respective chapter.

– Chapter 4: Observing anEnd-UserDeveloper

The long-term study provided an in-depth look at the experiences of an end-user developer

over severalmonthswhile creating a bespoke IoT project. Key insights included identifying

critical skills for successful IoT development, such as electronic circuit construction and

programming. The study highlighted the significant time investment and varied project

phases that end-user developers navigate. It revealed the nonlinear nature of project develop-

ment, with phases often intertwined and influenced by external factors such asmeetings or

component availability. This study underscored the challenges ofmaintainingmotivation

and overcoming technical hurdleswithout systematic support, pointing to the need formore

accessible tools and resources.

– Chapter 5: ConceptRefinement and Ideation

This chapter focused on the ideation phase, evaluating the effectiveness of a novel deck of

conceptual cards designed to aid end-user developers. The user study showed that these

cards significantly improved participants’ ability to organise and refine their project ideas.

The visual and tactile nature of the cards facilitated brainstorming and conceptualisation,

making the initial stages of IoT developmentmore approachable for non-experts. Partici-

pants reported increased clarity and confidence in their project concepts, demonstrating the

value of systematic ideation tools in reducing conceptual vagueness andenhancing creativity.

– Chapter 6: ProjectEnabler

In this chapter, the study explored the support needed for building and programming IoT

projects. Extending the TILES IoT Toolkit with detailed instructions and QR code links,

the study found that these enhancements effectively supported end-user developers in as-

sembling and programming their IoT projects. Participantswere able to successfully build

functional prototypes, demonstrating the practicality of the enhanced toolkit. The study also

highlighted the importance of clear, step-by-step instructions andaccessible online resources

in bridging the gap between high-level concepts and hands-on implementation. However, it

also noted the technical challenges and the need for further refinement to ensure robustness

and user-friendliness.
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– Chapter 7: GuidedTroubleshooting

This chapter evaluated a systematic troubleshooting protocol designed to assist end-user de-

velopers in diagnosing and resolving issues in their IoTprojects. The user study showed that

the step-by-step approach significantly improved participants’ problem-solving efficiency

andreduced frustration. Thesystematicprotocolprovidedaclearpathway for identifyingand

addressing technical issues, often amajor hurdle for non-experts. Participants appreciated

the guidance, which helped themmaintain progress and avoid commonpitfalls. The study

underscored the importance of systematic troubleshooting support to enhance IoT projects’

overall development experience and success rate.

These empirical insights collectively demonstrate the critical need for systematic, accessible, and

user-friendly tools tosupportend-userdevelopers in thevariousstagesof IoTprojectdevelopment.

The findings highlight areaswhere non-experts struggle and provide evidence-based solutions to

make IoT developmentmoremanageable and less daunting for end-user developers.

Theoretical insights

The theoretical insights from this research advance our understanding of IoTdevelopment for

end-user developerswithin the broader context ofHuman-Computer Interaction (HCI). Building

on the empirical insights, this section contextualises the cognitive and technical challenges non-

experts encounter within relevant theoretical frameworks. It identifies key learning barriers

and transition points throughout the IoT development lifecycle, offering suggestions for future

research to better support non-experts in overcoming these challenges.

– Cognitive Load, Complexity, andTangibleTools The study presented in Chapter 4 high-

lights how non-expert developers experience cognitive overload at specific stages of the

IoT development lifecycle, particularlywhen transitioning fromone phase to another (e.g.,

from connecting sensors to processing data). Using tangible tools, such as the conceptual

card deck and the extended IoT toolkit, is critical in reducing cognitive load by externalising

the problem-solving process. This aligns with broader cognitive load theories in complex

problem-solving and reinforces the need for accessible, physical tools that help non-experts

manage technical challenges.

– LearningBarriers, ThresholdConcepts, andModular Systems The difficulties encoun-

tered by non-expert developers at key transition points suggest the presence of threshold

concepts – critical, often challenging ideas thatmust be grasped tomake further progress.

For example, understandingcloud integrationordataprocessing representsa significant con-

ceptual hurdle. Modular systems, such as theGrove systemused in this research, help lower

these barriers by simplifying complex technical tasks intomanageable components. This

contributes to a broader understanding of learning barriers in IoT and technical education,

highlighting howmodularity in design can reduce cognitive complexity.

– Navigating theDevelopmentCycle andFeedbackLoops The long-term study in Chapter 4

provides a comprehensive view of hownon-experts approach the IoT development lifecycle.

By observing the entire process, we identified specific stages (e.g., ideation, prototyping,

troubleshooting) that place heightened cognitive and technical demands on users. Feedback
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loops embedded in troubleshooting frameworks, particularly during the troubleshooting

phase, offer critical support by providing real-time guidance and iterative feedback. These

insights can inform the design of interventions to support non-experts, reduce the learning

curve, and facilitate smoother transitions between stages.

– Theoretical Implications forHCI and IoTResearch Thefindings from this research have

broader theoretical implications for HCI and IoT. The study underscores the necessity of

designing user-centric tools that cater to the unique needs of end-user developers, challeng-

ing traditional assumptions about user expertise and technical proficiency. By highlighting

the interplay between cognitive processes, technical skills, and the use of tangible tools,

modular systems, and feedback loops, this research advocates for an interdisciplinary ap-

proach. Combining insights fromHCI, education, software engineering, anddesign is crucial

for developing comprehensive solutions that address themultifaceted challenges end-user

developers face in the IoT domain.

In summary, the theoretical insights from this research provide a foundational understanding of

how tangible tools,modular systems, and feedback loops can effectively support end-user devel-

opers in IoTdevelopment. These insights highlight key strategies for addressing the cognitive

and technical challenges non-experts face, offering pathways formore accessible and supportive

IoT environments. By integrating these approaches, the research contributes to the theoreti-

cal discourse inHCI and IoT, underscoring the importance of user-centred, structured support

systems that empower non-expert developers throughout the development lifecycle.

9.2.3 | Practical and Methodological Contributions

Considering the four user studies presented in this thesis, several practical andmethodological

contributions emerge from this research. The following paragraphs outline these contributions

and discuss their impact on developing better context environments for IoT end-user developers.

Practical Contributions

The practical contributions of this research offer valuable insights for IoT tool designers, de-

velopers, and the broader community. This research addresses critical gaps in end-user IoT

development by exploring innovative approaches such as linking physical cards toweb resources

throughQR codes, employing operation room-inspired protocols for guided troubleshooting, and

utilising physical cards for ideation and definition. These contributions underscore the impor-

tance of creating user-friendly, accessible tools that empower non-experts to engage with IoT

technologyeffectively. Thefindings fromthis researchcan informthedesignofmoreeffectiveand

user-friendly IoT development tools and support systems, ultimately fostering amore inclusive

andwidespread adoption of IoT solutions.

Thekeypractical contributionsof this researchareas follows: theuseofphysical cards for ideation

and definition, QR codes to link physical cards toweb resources, a protocol inspired by operation

rooms to guide troubleshooting, the development of user-friendly IoT prototypes, the integration

of tangible elements, and comprehensive documentation and educational resources. These
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contributions collectively aim to enhance the accessibility and usability of IoT development tools

for end-user developers.

– Physical Cards for Ideation andDefinition

Refining vague ideas and clearly defining a technology-based project can be daunting for an

end-userdeveloper. Using familiar elementssuchasgamingcards, aspresented inChapter5,

provides an effective approach to help them consolidate their ideas.

– Integration ofTangibleElementswithDigitalResources

The integration of tangible elements, such as conceptual cards, with QR codes linking to

digital resources, as illustrated in Chapter 6 and Chapter 7, significantly enhances end-

user engagement and comprehension in IoT development. These physical tools help users

visualiseandorganise their projectswhile theconnectedwebresourcesprovidemoredetailed

technical guidance at each step. This approach leverages the strengths of physical props

while overcoming their limitations by offering access tomore comprehensive information,

making the development processmore intuitive and accessible for non-experts tomove from

ideas toworking prototypes.

– AProtocol Inspired byOperationRooms toGuideTroubleshooting

Adapting a knownmethod fromoperation rooms to guide troubleshooting, as presented in

Chapter 7, is a novel approach to learning how to guide the troubleshooting of technology-

driven projects. This can be expanded beyond the context of this thesis, whichwas limited to

the Internet of Things, to broader scenarioswhere a troubleshooting protocol can be applied.

– Development ofUser-Friendly IoTPrototypes

Creating and testing prototypes that can be easily assembled and used by non-experts signif-

icantly contributes to practical IoT development. This includes creating clear, step-by-step

guides and providing necessary components ready for usewithout extensive technical knowl-

edge.

– Documentation andEducationalResources

Providingcomprehensivedocumentationandeducational resourcestailoredtonon-experts is

crucial. This includes tutorials, instructional videos, anduser-friendlymanuals that simplify

complex concepts and procedures.

Methodological Contributions

This research introduces severalmethodologies and approaches that advance the study of IoT

and end-user development. Firstly, the long-term studymethodology provides valuable insights

into theevolvingchallengesandneedsof end-userdevelopersover time, particularly in thecontext

of IoT projects that involve both hardware and software components. Secondly, the application

of hybrid tangible-digital tools combines physical elements like conceptual cards with digital

resources accessed viaQR codes, offering non-expert users intuitive support for transitioning

from ideation to prototyping. Finally, the focus on real-world, non-expert IoT troubleshooting

addresses a critical gap by developing accessible tools that assist users in diagnosing and solving

technical issuesduring IoTdevelopment. Thesemethodologies collectively contribute to creating

more accessible and supportive IoT development environments for non-expert users.
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– Long-termStudy in theContext of IoTProjects

The use of long-term studies in the context of non-expert IoT development offers valuable

insights into howusers’ challenges and needs evolve over time. Although long-term studies

are common inHCI, applying themspecifically to IoT development sheds light on hownon-

expert users interact with hardware, software, and networking components across different

project stages.

– Application ofHybridTangible-Digital Tools to IoT

While tangible-digital hybrid tools are not new, their application to IoT development for non-

expert users is a notable contribution. The combination of physical tools (such as conceptual

cards) with digital resources (accessed viaQR codes) specifically addresses the challenges of

guiding users from ideation to prototyping in the complex domain of IoT.

– Focus onReal-World,Non-Expert IoTTroubleshooting

Theemphasis on troubleshooting tools tailored tonon-expert IoTdevelopersprovidesanovel

focus. Existing researchon troubleshooting rarely targets IoTdevelopment for non-technical

users. This contribution lies in the creation of accessible, real-time troubleshooting tools

that address the specific difficulties faced by non-experts during IoT development.

This research’s practical andmethodological contributions provide significant advancements

in IoT and end-user development. By applying long-term studies, hybrid tangible-digital tools,

and focusing on real-world troubleshooting for non-experts, this work addresses critical gaps

and lays the groundwork for future research. These approaches ensure a deeper,more practical

understanding of end-user needs and experiences, ultimately contributing to the creation ofmore

accessible and user-friendly IoT tools and systems. Collectively, these contributions support the

broader adoption and effective use of IoT technologies by non-experts.

9.2.4 | Addressing Research Gaps

Thissectionaimsto identify thespecificgaps intheexisting literaturethat this researchaddresses

andexplainhowthefindingsfill thesegaps, contributing toamore comprehensiveunderstanding

of IoT development for end-user developers.

Identifying Research Gaps

The existing literature on end-user development for the IoTpresents several gaps. As highlighted

in Chapter 3, one of themost prominent issues is the lack of comprehensive tools that effectively

support non-expert users through the entire lifecycle of IoT projects, from ideation to prototyping

andmaintenance. While several toolkits exist,many assume a level of technical knowledge that

non-expert developers typically lack, creating significant barriers to entry. Furthermore, the liter-

ature reveals inadequate support during the prototyping phase, where non-experts strugglewith

integrating hardware, software, and network components. As described in the reviewed studies,

this phase is critical but often lacks the necessary debugging and iterative testing resources.

Another identified gap is the insufficient involvement of end users in the testing and validation

stages of IoT toolkits, which limits their effectiveness in addressing real-world challenges faced

by non-professionals. Moreover, the reviewed research underscores the lack of detailed guidance
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and instructionalmaterials for non-experts,making navigating common IoT development issues

difficult. Addressing these gaps is crucial for empowering non-expert developers and enhancing

the accessibility of IoT technologies.

Addressing the Gaps

Our research, presented inChapters 4 to 7, directly tackles these gaps by introducing and evalu-

ating several user-centred tools andmethods tailored for non-expert IoT developers. Chapter 4

addresses the challenges faced during the entire IoT lifecycle by conducting a long-term user

study to identify the specific barriers that non-expert developers encounter, from ideation to

maintenance. This study informs the development ofmore comprehensive support tools that

providemore explicit guidance and structured learning throughout the development process.

In Chapter 5, we focus on the ideation phase by testing conceptual ideation cards specifically

designed to help non-expert users generate and refine project ideas. These cards help bridge

the gap in technical knowledge, providing structure during the ideation phase and offering an

intuitiveway to think about projects’ technical feasibility. The cardswere developed to ensure

that even userswithminimal technical skills could start with clear, actionable concepts.

Chapter 6 extends this work by extending the TILES IoTToolkit, focusing on the prototyping

phase. The toolkit offers structured guidance on building functional prototypes and incorporates

QRcodes that link to instructional resources. This approachdirectly addresses the gap in support

for integratinghardware, software, andnetwork components, simplifying theprototypingprocess

for non-experts by providing just-in-time learning and concrete examples.

Finally, Chapter 7 addresses the gap in troubleshooting support by focusing on tools andmethods

that assist non-experts in identifying and solving technical problems during IoTdevelopment.

The user study presented in this chapter highlights the need for real-time feedback and intu-

itive error-handling mechanisms and explores how end-users interact with tools designed to

help themdebug and troubleshoot issues. This chapter fills the gap by emphasising the impor-

tance of tailored troubleshooting resources that are easy to understand and apply for non-expert

developers.

Through these studies, our research provides a comprehensive response to the gaps identified in

the literature by offering practical tools and insights that support non-expert developers through-

out the entire IoT development lifecycle.

9.2.5 | Synthesis of Contributions

This researchaddresses several gaps in the literatureon IoTdevelopment for end-userdevelopers.

Onemajor gap is the lack of long-term studies exploring the experiences and challenges end-user

developers faceover extendedperiods. Existing researchoften focusesonshort-term interactions

and immediate outcomes, leaving a significant gap in understanding these users’ sustained

engagement and evolving needs. Additionally, practical support systems, such as integratingQR

codes and physical cards, are underexplored. These tools can bridge the gap between physical

and digital resources, yet their potential remains untapped. Furthermore, while gamification
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elements are recognised for theirmotivational benefits, their application typically does not span

the entire lifecycle of an IoT project, from ideation through to building and ongoing support.

Thefindingsof this researchfill thesegapsby introducing innovativemethodologiesandpractical

tools that enhance theusability andaccessibility of IoTdevelopment for non-experts. Byadopting

a user-centred design approach, this research ensures that the development process alignswith

the actual needs and limitations of end-users, incorporating their feedback through surveys,

interviews, and user studies. Using long-term case studies offers a comprehensive view of end-

user developers’ experiences and challenges as they evolve, revealing insights that short-term

studies often overlook. Additionally, integratingQRcodes andphysical cards facilitates seamless

transitions between physical and digital resources, enhancing the ideation and development

phases. Including gamification elements throughout the project lifecycle further engages and

motivates users,making the development processmore interactive and rewarding.

Overall, this research contributes to amore comprehensive understanding of IoTdevelopment for

end-user developers by addressing previously unexplored areas and providing practical solutions

to common challenges. By filling these gaps, it advances the field. It supports the broader adop-

tion and effective use of IoT technologies by non-experts, ultimately fostering amore inclusive

and innovative technological landscape.

9.3 | Limitations and Further Research

As discussed in Chapter 8, this research has several limitations, including the small sample size,

thefocusonspecifictypesofIoTprojects, andtheemphasisontheearlystagesof IoTdevelopment.

These limitations not only highlight areas for improvement but also suggest directions for future

research. Toaddress thesegaps, future studies shouldaimtoexpand theparticipantpool, explore

a broader range of IoT project types, and investigate the later stages of IoT development, such

asmaintenance and scaling. Additionally, adopting a long-term approach that follows end-user

developers throughout the entire project lifecycle could provide deeper insights into their evolving

needs and challenges.

Building on this study’s findings, several avenues for further research can advance the field of

IoT development for end-user developers:

– In-the-wild user studies: Conducting studies in natural settingswhere end-user developers

engagewith IoT tools can providemore realistic and comprehensive insights. This approach,

complementing the controlled studies presented in this thesis, could reveal unforeseen chal-

lenges and opportunities, ultimately leading tomore effective IoT tools and support systems.

– Expanding research to diverseuser demographics: Future research should include amore

diverse user base, incorporating different age groups, cultural backgrounds, and technical

skill levels. Understanding how various demographics interactwith IoT technologieswill

contribute to creatingmore inclusive and accessible solutions that cater to the specific needs

of awider audience.
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– Longitudinal studies on learning curves: Tracking end-user developers over extended peri-

ods, fromnovice tomore experienced stages, could provide valuable insights into the effec-

tiveness of current training tools and resources. This could inform the development ofmore

effective educationalmaterials and supportmechanisms that promote continuous learning

and skill progression.

– Integration of advanced technologies, such asAI:Exploring the integration of AI-powered

tools into IoTdevelopment could significantly enhance the user experience. AI-driven fea-

tures like real-time feedback, intelligent assistance, and automation can simplify complex

development processes,making IoTdevelopmentmore efficient and user-friendly for non-

experts.

– Cross-disciplinary collaborations: Fostering collaborations betweenHCI researchers, de-

signers, engineers, and social scientists can help address themultifaceted challenges end-

user developers face in IoT. By integrating diverse perspectives and expertise,more holistic

and innovative solutions can be developed tomeet end users’ needs better.

Pursuing these further researchdirectionswill enable thefieldof IoTdevelopment forendusers to

evolve, helping to ensure that IoT technologies are accessible, usable, and effective for non-expert

developers.

9.4 | Final Remarks

Thissectionsummarises the research’soverall contributions, reflectsonthe journey, andprovides

a closing perspective on thework’s significance and future potential.

9.4.1 | Summary of Contributions

This research hasmade several key contributions to the field of IoT development for end-user

developers. It has introduced innovative tools such asQR codes and physical cards to facilitate

ideation and development, and integratedweb-supported protocols to enhance user experience.

Methodologically, the researchhasemployeddifferentapproaches, includinguser-centreddesign,

long-term case studies, andmixed-methods research. These contributions address significant

gaps in the existing literature andprovide amore comprehensive understanding of the challenges

and opportunities in IoT development for non-experts.

9.4.2 | Broader Implications and Future Potential

While this researchhascontributedvaluable insights intodevelopingIoTtools forendusers,many

challenges remainunresolved. Technology vendors likeArduino continue to releaseproducts that

promise easy, plug-and-play IoT solutions for everyone. For instance, Arduino recently introduced

a new kit with the bold claim: “Hey, creating an IoTdevice shouldn’t be rocket science. We believe

technology is for everyone. That’s why we’ve developed the whole new, beginner-friendly Plug and

MakeKit – the easiest way to get startedwithArduino!” [6]. However, despitemarketing promises
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Figure9.1: 2024Arduino Plug andMakeKit promotional video.

Reproduced fromArduino –YouTube, https://www.youtube.com/@Arduino.

(Figure 9.1), the gap between these claims and the actual experience of end-user developers

persists. End users still face significant barriers, particularlywhen transitioning from ideation to

functional prototypes and troubleshooting complex technical issues.

This ongoing challenge reflects the broader implications of this research, highlighting the per-

sistent need formore accessible and intuitive IoT development environments. Although some

progress has beenmade—particularly through the use of hybrid tangible-digital tools and en-

hanced support for troubleshooting—there remainsmuch to be done tomake IoTdevelopment

truly accessible to non-experts. Closing this gap alignswith the potential that technologies like

Arduino promise, suggesting that research must explore how to simplify the transition from

ideation toprototypemore effectively, addressing the technical barriers that non-experts continue

to face.

The societal implications of this research are significant, as it aims to democratise IoT develop-

ment and empower non-expert users to create andmanage their IoT systems. Future research

directions, such as in-the-wild user studies and expanding the diversity of the user base, are

crucial for building on these findings and advancing the field. By developingmore inclusive and

user-friendly IoT tools, we can foster broader innovation and accessibility,making bespoke IoT

projectsmore approachable and encouragingwider adoption in the field.

9.4.3 | Concluding Thoughts

Although this thesis has beenwrittenusing theplural form (“wehavedeveloped...”), Iwill nowshift

to the singular for this final section. In conclusion, this research hasmade significant strides in
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understandingandsupporting IoTdevelopment for end-userdevelopers. Thecontributionsmade

have the potential to drive future advancements in the field, supporting the broader adoption

and effective use of IoT technologies by non-experts. For future researchers, I encourage you

to build on this work, continue exploring innovative methodologies, and remain dedicated to

creating inclusive and user-centred technological solutions. Together, we can advance the field

and empowermore people to engagewith and benefit from IoT technology.
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Appendix B

Case Study – Diary Excerpts

This Appendix presents selected excerpts from the digital diary maintained by Participant 2

(P2) during creating a bespoke IoT project, as documented in Chapter 4: Observing anEnd-User

Developer. The diary, spanning 231 pages, offers a detailed account of the development process,

including both successes and setbacks. The following excerpts were chosen to illustrate key

moments and challenges in the project, providing a rich dataset for the analysis presented in the

main body of the thesis. These records include textual notes, code snippets, andmultimedia

elements, offering a comprehensive view of the participant’s journey through the project. The

project’sdevelopmentdaysare labelledPD1throughPD148. People thatP2 interactedwithduring

the project are anonymised as Sn (e.g., S1).

Phase 1 – Learning

The participant began bymastering foundational components throughArduino and Firebase

tutorials, building essential skills for the project. The following excerpts from the diary demon-

strate howP2 focused on learning the initial components, beginningwith the input device and

database.

PD1 | Do the first tutorials / projects with theArduinoKit.

PD2 | Completed the first three example projects in theArduino projects book.

PD3 | (Firebase)Started the tutorial, stopped due to not being able to install theCom-

mandLine Interface.

PD9 | (Arduino)No remaining projects to do.

(Firebase)Completed the friendly-chat tutorial.

Phase 2 – Connecting

The participant transitioned to connecting themicrocontroller to the cloud database using the

ArduinoMKR1000. Despite completing prior tutorials, integrating these technologies posed the

first significant challenges. These diary excerpts illustrate the process.

PD10 | Received anMKR1000Wi-Fi board fromS1.
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After searching for how to connect andMKR1000 toFirebase it’s looking increas-

ingly like I will be having towrite awebsite to connect through.

PD12 | Cannotwork out at all how to connectArduino to Firebase […]

PD13 | Still cannot find away to connect theArduino to Firebase, I can see that S1 code

on theArduino forums is creating a JSON file butmy very limited knowledge of

web technologies is creating a brickwall.

PD14 | Spectacular, Imight actually havemade contact. I’ve never been so excited to see

null.

Throughmodification of S1 code I now have aMKR1000 that uploads sensor

data to aFirebase database.

Phase 3 – Creating Visual Feedback

During Phase 3, P2 concentrated on creating visual feedback as an initial step in actuating, start-

ingwith simple tasks like blinking an onboard LEDand advancing to real-time data visualisation

on awebsite. Eventually,more sophisticated options like smart LED light stripswere preferred.

The following excerpts from the diary illustrate this progression.

PD15 | Trying to get theArduinoUno to blink its on-board LED in relation to the arrival

of a new entry in the database thenwe’ll have an actual IoT system.

PD17 | I haveworkingwebapp connecting to firebase and getting the information from

the database though this is achieved via the slightly dubious method of being

entirely unsecuredwith public security rules.

PD20 | Currently I can login and the page is getting the information from the database

but it is not drawing the circles like I want.

PD22 | The divs and spans are being drawn, turns out they are at the bottomof the page

and separate so it’s just a contiguous block of attractive black text.

Phase 4 – Working with Sensors and Microcontrollers

In Phase 4, P2 started integrating force-sensitive resistors (FSRs)with theArduinoMKR1000,

initiating a phase characterised by overlapping and parallel progress. This phase spanned the

first 40project days and continued after theSummer break. The following excerpts from the diary

illustrate thiswork.

PD23 | FSR works on the Arduino Uno, now to port to theMKR1000, though I need

towork out if connecting the 5v to the breadboard is correct or notwhen using a

battery.

PD24 | Received aMultimeter fromS1which allows us to debug theWiFi board to see if

the FSR is allowing enough current through to power the components.
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Can I power the FSR frompin 9? UpdateYes I can, it works on battery so that I

can squeeze the FSRand have it light up anLED.

Our current squeezer setup appears to use 141mA so the battery should power it

for 8.5 hours.

PD25 | MetwithS1andpresented the solution to thewirelessbatterypowered issue. This

was quickly implemented as he only need to add the following code snippet for it

to function as intended.

Excerpts from the diary, second part of Phase 4:

PD46 | MetwithS1, received twoFSRs […]

PD50 | AddLEDs to the squeezer, 220 ohm resistor in.

PD55 | Went back to the learning about electronics example and tried to build it on an-

other boardwith just one fsr, then two etc… turns out itworks fine,my initial build

had the transistor backwards. So now I have two fully functional prototypes.

Wewillalsonolongerbe incorporatingtheSparkFunintotheboxastheMKR1000

does the squeezers, LEDand vibrationmotor. A nice clean package.

PD69 | Squeezer code is still broken, have asked a question onReddit in hopes someone

can help.

Fixed the squeezer code, Itmight have been the calls to Serial.println after the

client.println, i’mnot sure.

PD72 | Turns out I had the power in the ground and vice versa, oops. Solved now, the

prototypeworks fine.

Phase 5 – Subscribing to Firebase

In Phase 5, P2 focused on subscribing to Firebase to create a responsive system that could react

to database updates. This phase, from PD26 to PD37, involved experimenting with different

approaches, including using the SparkFunESP8266Thing due to its Firebase library. Despite

eventually achieving the subscription task, the solution remained unstable and required an incon-

venient process. The following excerpts from the diary illustrate this effort.

PD26 | He worked around the subscription issue by having the Arduino send an http

request every three seconds. Whilst this works it’s not ideal. The best bet is sub-

scribing to the push notificationswe can create fromFirebase.

PD28 | Sounds likeMQTTis theway to go. Lightweight, Publish/Subscribe options from

a central hub.

PD29 | I did find Mosquitto which is an open source message broker, but cannot see

whether it is possible to deploy this to Firebase.
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PD30 | MetwithS1, spoke aboutMQTTand the possible uses. It became evident that

I need deeper knowledge of this before I can accurately assess the ways we can

incorporate it into a project.

Found cloudMQTT which as it’s name suggest is a cloud hostedMQTT solu-

tion. Could be useful. Though it is rather difficult to use and has no examples or

tutorials.

PD31 | Spoke toS1, he has purchased theSparkfunESP8266ThingBoard so thatwe

can try andmake it workwith a pub/submodel with our Firebase data.

PD32 | Did a frustration search for pub/sub for Firebase due to things notworking. Lo

and behold it does exist!

PD33 | ARTIK is the closest we’ve come outside of Firebase to having a useful prototype.

MSandAWScould be useful but their desire to charge upon the end of a free trial

is not particularly appetising.

PD34 | Started following this tutorial forARTIKbut realised halfway through that its

usingHTTP re- quests instead ofMQTT.Waste of time.

S1 came knockingwith a gift, a SparkFunThingESP8266 sowe should be able

to get it workingwith the Firebase pub/sub library.

PD35 | It looks increasingly likely that theSparkFunESP8266Things isnotasupported

board as trying to load theWiFi101 examples onto it causes the same errors to be

thrown as theArduinoStream sketch.

PD35 | Plugged inand tried toupload theFirebaseArduino sketch toS1’SparkFunThing

and I am receiving the same issue as last week.

PD37 | I tried simply adding the following code in order to have some feedbackwhen the

board is receiving fromFirebase and big surprise, it’s not connectingAGAINand

the computer is no longer registering it as a network device or whatever. This shit

is flaky at the best of times. The simple act of uploading a different piece of code

upsets the board somuch it doesn’t act like aWiFi chip.

It’s ugly and not ideal but it doeswork at this point.

Made a few videos of this setup. They’re not long as I’mnot sure the amount of

detail to go into but there’s some options to choose from.

Unplugging and plugging it back in is not a thing only stupid thing call center

workers suggest. Itmight actually work.

Phase 6 – Working with Led Lights

InPhase6, P2 focused on setting upLED lights as the project’s actuating component. This phase

unfolded fromPD31 to PD46 and continued fromPD53 to PD70. The following excerpts from the

diary illustrate this phase of the project.
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PD31 | He is also interested in using thePhillipsHue for the output portion of the faculty

project andwould likeme to find out if there is a library or tutorial or someway to

use the hue fromArduino.

There is anArduino library here and here are some useful tips about using the

HueAPI.

Hue runs using a RESTful API but it is local so no internet access to it except

through IFTTT.

PD36 | Look for PhillipsHue compatible light bulbs asHue bulbs are too expensive

PD37 | Phillips Hue: Has the gateway; Cree Connected: Can be paired with the Hue

Bridge (as of 2015); […]; LIFX Gen 3: Available in Australia, No bridge, just

WiFi,Workswith IFTTT, $74/Bulb.

PD38 | ASmart LEDbulb and aColour LEDbulb are not the same thing. Colour LED

bulbsareexpensive. LEDBulbsarecheapbecausetheyareonlywhiteanddimmable.

PD40 | Working fromhome to find outwhat bulbs are compatible with theHueBridge.

Zigbee 3.0 is the endorsed standard now so bulbs should be 3.0 compatible.

PD44 | How to power bulbswithout being in a socket

PD45 | Researched the bulbs in terms of ease of use, cost, documentation, other project-

s/hacks etc…Ranked the list by cost.

Spoke to S1, added LED strips to the list as they could be more effective and

cheaper.

PD46 | The box is to be considered as having three squeezy balls andwewill be using one

length of LIFXZLEDstrips.

Excerpts from the diary, second part of Phase 6:

PD53 | Hehas ordered the following: LIFXZ lightstrip; […]

PD61 | SpokewithS1, received the LIFXZkit and 3more FSRs.

I brought the LIFXZ and an ESP8266 home to test with on a computer that

isn’t stunted.

PD62 | Have beenworking to try and get the connection to theLIFXworking by using the

code from theMKR1000 that builds and sends JSON files.

PD63 | S1 realised thatwe could do the LIFXAPI call using JavaScript functions from

Firebase.

PD64 | I have been searching tirelessly for any semblance of actual information, no one

has respondedon theposts onarduinoorLIFXbut I realised I couldpost on reddit

aswell. I got a response very quickly about adding a / to theURL, no result.
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PD65 | Sending requests throughPostman to the LIFXAPIworks but themock server

doesn’t seem towork, ormore likely, I’mnot sure how to effectively use it.

PD66 | Attempted to run the JSONTest headersAPI again to no success.

PD68 | S1 came and set up aweb server on his laptop, we then had time for one test fire to

get the JSONand the connection connected,measured the length of the JSON,

then began connecting again and promptly failed.

PD70 | Success! TheESP8266 is able to change the colour of the LIFXZStrip.

It looks like all it neededwas the request to be encoded as a single string.

Phase 7 – 3D Printing

In Phase 7, P2 began designing and 3D printing a box to house the project’s electronics and

support the rugby stress ball. This phase, spanningPD49 toPD72, involved iterative trial and

error due to the slow printing process. The following excerpts from the diary demonstrate the

steps P2 took in this phase.

PD49 | He sketched a basic idea for a boxwe can3d print forme tomodel.

PD50 | Continuework on the boxes and tongues.

PD51 | Talked to S1, tongues not necessary, wewant spikes to hold the balls.

Wediscussed the box design and ball spacing, wewill print the box in two halves

in order tomaximise the space as 22cm is not enough for the squeezy rugby balls

to sit comfortably.

Theboxwill be25cm long, 4cmhighand7cmdeepwitha separation in themiddle

whichwill be joined using tongue and groove as well as glue. It will have a slide

out bottom in order to access the internal working andmight haveBauhaus style

rounded edges.

This wewill 3d print.

PD52 | Continuework on the boxes and tongues.

Whatmaterial arewe using?Wall thicknesses.

PD53 | The pieces are a bit snug butwith someworking theymove. They seem to all fir

together fairly nicely, thought the curved corners have notworked as the printer

has filled them in for support.

PD54 | ShowedS1 the completed slice test print of the box. The tongue slides in and out,

with some effort, but it works as a concept. Hewas immediately concerned about

the amount of space for the components, aswas I.

PD55 | Adjust 3dmodel dimensions for printing - partial

PD56 | Adjust 3dmodel dimensions for printing - partial. Create spike solution for box.
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PD57 | Print test SpikeSolution.stl for box - in progress.

Designed a couple of different spike assemblies/ attachment systems for the box

to hold fast to the squeezy ball.

Took them to S4 to get them3d printed and he said that the spike setup is too

brittle. The tongue idea couldwork, though he suggests that the FSR should be

contained […]

PD58 | Print test SpikeSolution.stl for box - in progress

PD59 | Got the 3Dprinting back. The spikes areworthless, there’s no strength to them

at all. Utterly unusable.

The tongue looks to be theway forward, though I havemade the head too big to fit

through the hole.

PD60 | Increased the size of the portal for the FSRand the tongue, deepened the slot for

the tabs to fit into.

Went to see Phee about printing half the box and a tongue, the printer is engaged

untilWednesday. Will print them then.

PD61 | Still waiting for the 3Dprinter.

PD62 | Handed the files to S5 andS4 for 3Dprinting.

PD63 | Adjusted box tongue for strength at S4’s suggestion (added a scalloped curve to

strengthen the 90degreewhich is veryweak).

Handed the files to S5 andS4 for 3Dprinting again.

Spoke to S4 yesterday afternoon and hemade some very good suggestions about

the design of the box.

The taller something is, the longer it takes to print, so lying it as flat as possible is

advantageous […]

PD64 | I sent themodified file to S4 at 1:30ambut apparently he didn’t get it […]Not

ideal. Have resent it, I imagine that the boxwill be printed onMonday.

Box has been printing since about 11am, neat.

PD65 | MetwithS1, he is happywith the look of the partial boxwith tongue and ball.

PD67 | The second half of the box was completed last night, I have filed and fitted the

two halves together. Very disappointingly it appears that the filament contracts

slightly on cooling (logical) and this really emphasises the join in the boxes. It’s

definitely not invisible.

I don’t thinkweneed to split the sliding lidpiecedatall as ifwedecrease the length

it has to cover by 50mmwe could print it at the printersmax of 220mm. This

would simplymean thatwe add a lower piece to obscurewhat the lid doesn’t cover

and for it to butt against.
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PD72 | Got the printed lid, I forgot to adjust the offset for the split.

It’s a rough fit, tight and noisy and gets stuck on themiddle split, but it’s a lid.

Phase 8 – Facing DB, Microcontrollers and Light Problems

In Phase 8, P2 encountered significant challenges across all project areas, focusing on resolving

issueswith the database,microcontroller, and LED lights. The following excerpts from the diary

illustrateP2’s intense problem-solving efforts and the frustrations experiencedduring this phase.

PD71 | After tinkeringwith the prototype for awhile it appears that for theESP8266 to

function properly the squeezer prototypemust be connected and powered before

theESP8266prototype.

It sometimes outputsweird errors […]

PD73 | Trying to solve the speed issue, have removed the reading of the response, this

makes the time faster however the stack is still printed after every interaction.

I am trying to use the yield() functionwhich allows the necessary bg functions to

run andmaintain connections and theWi-Fi stack etc… It doesn’t seem to have

any noticeable effect.

Tried to redeploy the website with a function for testing and now the fucking

esp8266iscreatingeventsall by itselfagainandtheorderofoperations fixdoesn’t

work anymore!!!

Tried redeploying thewebsite again to fix the issue I think is created by the first

redeploy and it fails like it did the first time.

PD74 | Changed the rules to [code snippet]. And that has stopped the put-pox but it has

also stopped all input. Progress I suppose.

The squeezer prototype is still able to upload to firebase, so that’s not broken. It

is just theESP8266 (the eternal problem) and thewebsite.

PD75 | Pluggedthesystemback inand itwentbut it startedtoput-poxwhenIhaddeleted

most of the entries from the database. When I just spammed squeezes from

prototype 3 it stopped put-poxing.

In order to try and solve this problem I tried converting all the calls to delay() to

delayMicroSeconds() as per this page. All this achievedwas the following error

constantly: [code snippet]

Looking at the errors and solutions on this page again, I found that the section

about theWDTerrors is relevant as it says avoid long loops and I have a while

loop thatwaits for a header response, so this could be causing the disconnection.

Looks like the startStream() call at the end of the sendToLIFX()methodwas un-

necessary as disabling it has stopped theWDTresets and stack errors, somewhat.

Weare still receiving exception 28 intermittently.
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PD76 | Changed the devices to upload to /devices/device_NUMandhave theESP8266

listening to that /devices bucket, now it should hear events fromall devices.

Changed the getString calls to the following in order to receive the data from

firebase, no dice. Will just have to rely in the JavaScript functions however that is

going towork.

I have no idea if this will work or how to get hold of the current light data.

PD77 | All of these endwithanerror that saysupdate, push, setandaddarenot functions.

Unsurewhat type of data the update functionwants. Found the reference here,

though it is woefully lacking in information.

PD78 | Posted a question toReddit about firebase JavaScript functions.

trying to get the JavaScript functionsworking

Found out that the entries in the database are called nodes, so using this new

search term, I’ve found some relevant code on stack exchange

With this new found knowledge I have constructed the following: [code snippet]

Itnolongerthrowserrorsbut italsodoesn’twritewhereIwantittoeither. Progress?

PD79 | There is a response tomy query onReddit, it was suggested that the compiler is

unsurewhat database is and so does not recognise ref() or push().

I’ll give it a shake and seewhat falls out.

It looks like it actually didwhat Iwanted, in part.

PD80 | Assistance fromReddit again suggested I need to be using event.data.val() which

I amalready using but they did link to this pagewhich I am trying to use.

It is obvious that I need to be accessing the data of the specific child but how to

get in there still eludesme.

PD81 | Triedthecode fromhere tosee if itworks, if so I shouldbeable toadapt it, hopefully.

Turns out the problem is that it was pointing at devices where it needed to be

pointing a layer deeper devices/device_NUMin order to capture the latest entry.

Wedon’t need to query the current state, there is an endpoint called state delta

that adds the new value to the current […]

We still need to get the emotion and pressure from firebase.

PD82 | Itworks,however itkeepsgoingandaddingcallsas it firesoneverywrite. Recursive

doy.

Justtryingtocreatetheappropriate functiontopassthedatato. YeeshJavaScript,

why you so ugly.
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PD83 | Lo and behold, its now broken again. What worked yesterday to get the single

object now does not and is again tellingme that limitToLast is not a function.

Howwonderfully fulfilling to be constantly working against a tide of shit.

Looking at this conversation it looks like I need either snapshot.child() or snap-

shot.val().

As useless as JavaScript and JSONare they continue to amazeme.

And this just turns itself inside out and refuses to cooperate.

I’d love to punch the idiot that created JavaScript.

PD84 | And yet it still doesn’t work. TheEmotion println is still empty.

Nope, still failed to convert to string.

I have tried: [code snippet]. And none of these haveworked.

Just changing the PUT toPOSTdoesn’t solve the issue, now it returns 400Bad

Request.

PD85 | Turns out thePUT/POST issuewas simply not having thePOSTwrapped in “”

quotationmarks.

The solutionworks, it is additive using the setState endpoint.

PD86 | So dividing the total number of presses by 255 doesn’t work as they inevitably

get stuck at about 90 as the total available is 255 so they can only get therewith

nothing else being activated.

Using this approach the colours can go well outside the allowable range (e.g.:

385.5) so this is not theway to do it.

PD87 | So as per the end of yesterday, themore squeezes, the smaller the effect on the

light produced.

Looking again, itmight not be two different objects, now it appears to be playing

ball.

Still have to build the new brightness logic and investigate the multi obj light

value problemand fanagle the colour logic.

PD88 | So have tried the following and it doesn’t work as the value is always out of range.

IF YOUWANT TO DEBUG THE API YOUWILL NEED TO TURN OFF

FAST AS IT DOESN’T RETURN FULL ERRORS AS FAR AS I UNDER-

STAND.THIS ISQUITEALOTOFUPPERCASENONSENSE.

So no for some reason the lightstrip becomes entirely unresponsive. I’m going to

remove the fast variable and see if that solves it.

RemovedFASTand the bastard light stalls after 10maybe a fewmore calls to the

API, so either I’m being limited or something’s broken.
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Nownothingworks, not squeezing, not the reset button, nothing in these proto-

types.

It stopped responding…

I amdisturbed.

Hard reset the system (unplugged everything) and it began to respond again.

PD89 | I think to two object problem is exactly that, multiple objects that are created

inside each of the functions. By crating one global object I think I should be able

to circumvent this problem.

That doesn’t work, it is still passing completely separate objects.

The above does actually work, the two object problem is solved, though the reset

sometimesdoesn’t resetandwhenareset ispressed itsometimes limitsthesystem

to interactions only from that device.

PD90 | Trying to convert the timestamp from epoch to local time so that I can use the

time of day to inform the amount of saturation to apply.

PD91 | Have tried setInterval(function (obj) { in order to pass the obj through to the

method so that it can be pushed. Unsure if this will work, worth a try.

Is this a SparkFun board issue,MKR1000 issue or a JavaScript functions issue?

PD92 | I have added a console.log() to the setInterval outside the if() to continues towrite

to the console. This should show me that the setInterval function is working

constantly.

So Iwas right, the setInterval() is still functioning, so the value is getting reset

somewhere.

So it looks to have stopped at 1609. Whywould it disconnect after 3 hours?

PD93 | Updates the update so that it is (hopefully) returning a promise.

Could be toomany entries in the database. Something to keep inmind.

So theremusn’t be aWi-Fi connection. Did theMKR1000go to sleep?

It wasn’t logging to the console either so does the JavaScript function sleep after

a time of inactivity?

Thatmanages to deploy so lets see if itmakes any great difference onMonday.

PD94 | Test the system longevity to see if the promise in updateDatabase() is working

this time.

I’m really thinking this is the JavaScript function that is causing all the issues

as it is not pushing to the console. But squeezing the squeezer wakes it up again.

However the SparkFunThing is also not respondingwhen I squeeze the squeezer.

I’ve reset the SparkFun (physical reset, turned off and on again) to no change.
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Everyoneof theArduinoupdatesbreaksmycodeuntil I update, it’s anawful setup

they have. Find the issue, the SparkFun is unresponsivewith the currentCODE.

I don’t think theMKR1000’s are the source of the issue.

PD95 | TheSparkFunThing has completely stopped listening to the realtime database.

Looks like that SparkFunThing no longer responds toWi-Fi.

Squeezing the squeezer thewhole system responded. Somy guess is that it is the

JavaScript function that is stopping.

The goddamned timestampnever updates, howuseless.

PD96 | Don’t upgrade to beta libraries, accidentally upgraded the arduinoJson to a beta

release and it threw errors onworkingCODE.

Almost got the systemback up towhere it was amonth ago. Still not sending to

the lightstrip…

Have reconnected the lights to theWiFi. It tookmuchmore effort than it should

have, sometimes theWaikatoIoT is flaky.

It works, the beast lurches back in to life.

Phase 9 – More 3D Printing

In Phase 9, P2 focused on printing additional boxes to enclose the electronics and attach the

stress rugby balls, continuing the work from Phase 7. The following excerpts from the diary

demonstrate P2’s limited involvement in this phase, primarily overseeing the 3Dprinting process

while addressing issues fromPhase 8.

PD73 | GetS4 to printmore boxeswhen he’s available.

PD75 | GetS4 to printmore boxeswhen he’s available.

PD78 | Received another box fromS4.

Phase 10 – Putting Electronics in the Box

In Phase 10, P2 focused on placing the circuit into the enclosure, though the process revealed the

need for further reorganisation. The following excerpts from the diary illustrate the challenges

and decisions that led to considering a customPCBdesign.

PD91 | Boxes need to be sanded and glued to get best fit.

Electronics needs to be fitted to box to getwire lengths.

Need towork outwhere and how to fit the reset buttons to the box.

PD97 | Further things to do:

–Assemble the boxes (howdo I safely useEpoxy?)

–Solder the circuits to fit the boxes (need an electrical engineer, luckily Imight

know one.).
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PD98 | Took the poorly printed box and the epoxy home onMonday night and glued the

box and lid thismorning. It will take 16 hours before it is at full strength.

PD99 | Theboxand lid seemtobe fairly sturdy, though the epoxy leaves dirtymarkswhere

it is visible.

Dowewant the tonguespermanently glued inplace? It’smoreuseful if they canbe

removed but they dohave the tendency to pop out under pressure is simply friction

fitted.

Further things to do:

–Assemble the remaining boxes, lids and tongues

–Solder the circuits to fit the boxes (need an electrical engineer, luckily Imight

know one).

PD100 | Epoxied the two remaining boxes and lids, S1 responded about the tongues, they

are to be epoxied in also.

PD101 | Made aFritzing diagramof the competed squeezer circuit. I thought I had done

this, apparently not.

Phase 11 – Creating a Custom PCB

In Phase 11, P2 collaboratedwith S2 andS3 to create a customPCB,which proved essential for

the project’s progress. The following diary excerpts highlight the development of this phase and

the contributions of these key helpers.

PD102 | MetwithS2, the electrical engineering undergrad I know. He had some sugges-

tions for soldering the circuit.

He suggested that designing aPCB thatwe could solder cables and components

towould bemuch easier. He designed thePCBandhas some suggestions about

who to print themwith.

PD103 | Ordered 10PCBs fromJLCPCB

PD104 | Printed thePCB layout fromFritzing and set it inside the prototype box in order

to beginworking outwire lengths and layouts.

I realise that I should have createdmore connections tomore of the pwmplugs so

that I could pick and choosewhich plugs to use. Live and learn.

I’ve also neglected to add holes for the standoffs so I will have to resort to drilling

themmanually.

It looks like Imight be able to drill holes into the side of the box for the standoffs to

screw into but I think it would be a better idea to adhere them somehow. To avoid

accidentally punching through.
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PD105 | PCBs have shipped andwill be here nextWednesday according toDHL.

TalkingwithS2 I told him of the reluctance to solder theMKR1000boards and

the need to runwires, he suggested getting some stackable headers and soldering

those to thePCB, this waywe can sit theMKR1000 solidly on thePCB.

PD107 | Received the PCBs yesterday evening, went out thismorning and got some stack-

able headers and some additional wires.

Trying every possible configuration and position has yielded no result, the stack

is just too high. Disappointingly i’ll have to separate the two and runwires from

theMKR1000 to thePCBand on to componentwhere required. Messy.

I forgot to add holes in the PCB for standoffs so either I reorder newPCBs or just

drill holes in the current stock.

Instead of costly redesigns, I think I could just adhere somenuts to the inside of

the box and screw through thePCB into those, this way I don’t have to drill into

the sides of the box, this lowers the height of the standoff (improvisation for the

win!) and should allowme to use the stack thereby lessening the number of wires

thatwill need to be run about the box.

PD108 | Drilled4holes in thePCBso that I canpass standoffs through it to hold it in place.

PD109 | S3was kind enough to helpmewith the soldering. Specifically he soldered the

first board as Iwatched and he talked aboutwhat hewas doing. This has resulted

in a board that is completely assembled.

Testing has revealed that theMKR1000 is not even available overWiFi so some-

thing is shorting it aswhen it is removed from thePCB it is immediately available.

We found that that a tracewas running over the reset pin for the arduinowhich

could have been resetting the board constantly.

PCBdesign is an art formand quite a complicated problem.

S3 scratched the trace out to break it and then ran a “bodge wire” to jump it to

where it needed to be. This worked and the board now functions. Huzzah.

Phase 12 – Seeking Stability

InPhase 12, P2 refined the system to achieve stability and consistent functionality. The following

diary excerpts illustrate this focus during the project days.

PD109 | Secure the vibrationmotor to the board permanently.

Refine the communicationwith the LIFXZLight Strip.

PD110 | I’ve been trying towork out a solution to the foot problem for the board as the prior

solution of gluing downanut and screwing a standoff into itwon’t provide enough

height due to the bodgewire on the underside.
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PD111 | Last night IEpoxied the board feet and adhered them to the inside of the box.

This seems to have held and testing this morning reveals that the system still

works, huzzah!

PCBModifications: Fix the traces running over one another; Rotate the connec-

tion for the LEDby90degrees […]; [etc.].

Boxmodifications: Reduce the size of the holes as the balls don’t really sit down

into themas I had envisaged. Make the box deeper to allow the use of unmodified

standoffs. [etc.].

It would appear that the stalling that causes the lights not to respond is nothing

to dowith the lights, it’s the SparkFunThing that is stopping.

Trying to add amanual reconnect button to the firebase receiver so that I can

reconnect it when I think it has lost its connection. Good for debugging.

PD112 | Pin 4 on theSparkFunThing doesn’t go for some reason. I could be initialising it

incorrectly but setting it as output and setting it to high to light anLEDdoesn’t

work. That’s a bugger as that leavesmewith only 2 I/O ports.

Fixed the red problem fromyesterday, I had accidentally commented out the as-

signment of theR,GandB.Colourworks again.

Still having the irritating error where things stop responding. Even the reset

button on on the receiver doesn’t get the lightstrip responding again. Further

testing required.

PD113 | Exception(29) of the SparkFun board is almost entirely randomwith the period

atwhich it occurs. Sometimes after 7 connections to the LIFXAPI, sometimes

after 15, but so far the connection hasn’t been lost whilst the serialmonitor has

been open.

PD114 | Realised that I could use one of themachines in the grad lab in order to access the

esp exception deCODEr that this computer can no longer access.

The computer in the grad lab doesn’t recognise something about the library and

keeps throwing an error about using a deleted function (firebase.getEvent()) and

the arduinoJSON library doesn’t update properly.

[…] ratnick said that he needed to reduce the size of a variable thatwas allocating

toomuch space. I set the staticJsonBuffer to 1000 so could this be the issue, that

I am sendingmessages that are too long?

I think this exception error is themain problem, it disconnects the board and if

the serialmonitor is not open it doesn’t reconnect. So once his problem is sorted

then the systemmightwork longer than a couple of hours.

PD115 | I thought that the unreturned promise in the js functionmay have been the cause

of the esp exception so I set aboutwatching both the function log and the serial

monitor to see if therewas a correlation between the errors.
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The esp exception doesn’t occurwhen the saturation is unable to be decremented,

so it must be the decrement or something in that function that is causing the

issue.

This is the function that is causing the error to say “Function returned undefined,

expectedPromise or value“. So I am still doing this wrong as I thought thiswas

returning a promise.

So I’ve still got absolutely no ideawhat this issue is caused by honestly.

PD116 | Added a 5 second timer and listener thatmonitors the SparkFun board. If the

Wi-Fi is disconnected formore than5 seconds it will auto reconnect, I hope.

The lights are not responding currently. Irritating,might be due to order of con-

nection or some other thing.

PD117 | The system is responding today, no ideawhy itwouldn’t yesterday. It doesn’t seem

to freeze and becomeunresponsive somaybe the reconnect function is working.

Opened the serialmonitor and squeezed, once the serialmonitor says it is sending

the issue is solved. TheSparkFun is clearly the entire issue.

It turns out that lost connections are not an uncommon issue and the problem

appears to deeper than something I can fix, it has to dowith the library itself and

Arduino. However some people do haveworkarounds that I amgoing to try.

PD118 | Have addedFirebase.stream(“/processed”) into the the start of the loop so that

the board is constantly refreshing its connection. We’ll see if thismitigates the

exception.

Well that’s a fail, it still gets exception 29,On the very first 5minute decrement

it threw the error.

So now I amentirely out of solutions.

Have disabled the call to setInterval andwill see if the exception rears it’s ugly

head now.

That’s a big fat nope. It still gets the error evenwithout the setInterval. Well at

least that eliminates the setInterval() and updateDatabase() functions.

My only remaining thoughts are yesterdays information about the problembeing

within the library and arduino.

If we could just pay for a Firebase subscription plan thenwe could sidestep the

issue of the spark- Fun exception error completely aswewould be able to connect

to the LIFXXAPI directly from the JavaScript function in Firebase.

Small victory though, I realised the other day that I had been trying to build the

reset buttonCODE for theSparkFun receiver in the bottomof the sendmethod

instead of in the loop. Now the reset buttonworks.
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PD121 | Posted theCODEand error onReddit out of exasperation. Hope I can get some

intelligent help.

PD122 | I have no idea but these SparkFun boards are anything but reliable.

I put aSerial.println() in the if(firebase.available()) block […]

I’ve added awhile loop towaitwhile firebase is not available and it never connects.

Joy, something is no longerworking in the connection.

I also tried flashing the boardwith the oldCODE that doesn’t have the reconnect

button in it. That didn’t work either. Thismight be a firebase issue as the board

says it’s connected to theWi-Fi.

PD125 | Also still having theReddit conversation about theESP8266 though that board

no longer seems to connect toWi-Fi even though it says it is. I will have to test it

with a basicWi-Fi sketch.

Tested theESP8266with a trimmed down sketch that just randomises theRGB

values and pushes them to the LIFXAPI, this works flawlessly so the connection

to firebase is what the problem is for this board. Theymust have changed some-

thing on their end as the library is the same version that has been working for

me.

Looks like Firebase has a new Fingerprint and this is why I’ve been unable to

connect.

Firebase informedme that the rules I have been using are public […]

Changing the rules to require auth stops all writes to the database.

Asked forhelp on r/Firebaseand r/ArduinoonReddit forhowtoauthenticate from

aMKR1000.

TheRESTAPI seems themost straight forward and should allow each device to

authenticate individually.

It seems towork. I am surprised. I wonder if this stops outside shenanigans from

getting into the database.

PD126 | Ohwell, check it off the list of possibilities, itmust be the fingerprint.

I’m going to try and reflash theSparkFun on awindowsmachine here in the lab

[…]

So the serialmonitor onwindows throws nothing but garbage atme so I’ve been

walking the accursedSparkFun back and forth across the lab.

So I reflashed theboardwith theCODEon themacwhich includes the fingerprint

verification again and it just sits idle, doesn’t even get the exciting connection

and then streamerror. So the fingerprint is absolutely the issue but none of the

availableworkaroundswork, apart fromone that usesPHP to auto update the

fingerprint, which I have no experiencewith.
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Phase 13 – Using Firebase Functions

In Phase 13, P2 revisited and implemented the idea of using Firebase functions to control the

actuators, replacing the unstable secondmicrocontroller approach. The following diary excerpts

show the progression and implementation of this solution.

PD63 | S1 realised thatwe could do the LIFXAPI call using JavaScript functions from

Firebase.

PD118 | If we could just pay for a Firebase subscription plan thenwe could sidestep the

issue of the SparkFun exception error completely aswewould be able to connect

to the LIFXAPI directly from the JavaScript function in Firebase.

PD133 | Looking at how to call the LIFXAPI fromJavaScript has ledme to this website

which converts cURL to node.js. I’mnot sure if this is the right direction but it is

a starting point.

PD134 | Use theLifXpage byPascalMoser to generate the exact cURLyouwant, then

put it into the page byNickC to get the node.js CODE.Thismight be folly but it’s

worth a try.

PD135 | UsingthepagebyPascalMoserandthepagebyNickCinconcertwiththeJSON.stringify

reference I havemanaged to create the following.

Not yetworking, it’s not even logging anything to the console.

Looks like I need to install the request nodejsmodule which is outsidemy control.

I have emailedS6. Once this is done Iwill test to see if this works.

PD137 | S5managed to get themodule installed and now the function is churning out all

matter of interesting stuff, JSON looking objects and new errors. Again, work for

Monday. As it sits, the function is still not talking to the LIFXAPI, so there’s

something to investigate.

PD139 | Trying to get the function to talk to the LIFXAPI.

Thisworks, sowhy didn’t it before? I’ll try againwith the saturation added.

Connecting to theAPI consistently is difficult.

PD140 | So it looks like the error from theLIFXAPI is due to decimal places. To combat

this I have implemented two rounding methods (one for the saturation which

require one decimal place and one for the RGB values which need to be whole

numbers) for the values generated by the JavaScript function to keep themnice

and tidy.

Theseworks and now the colour is working properly.

PD141 | Trying to get the function to read from the array and generate the colour.
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The JavaScript function and firebase had a bit of a brainfart and refused to show

memy data and refused to delete entries. I realised thatmaybe closing and re-

opening the tabwas a good idea and it worked. Weird.

NowIamtesting ifmoving the following commandsoutside the else in theprocess

functionwill work to stop the nuisance additions tomy array.

Nope, doesn’t work. Now it’s only listening to the last entry. Pointless.

PD142 | Trying to isolatewhat I broke onFriday.

I have commented this out and the colour responds again.

Found this about array.shift() and array.pop() when removing the first and last

items froman array. Will see if I can leverage this tomy advantage.

Iwascorrect, thecolourvaluesareretainedandthesaturationisdecremented.This

also still workswith all three boxes.

PD143 | Check the log to see if the setInterval was running overnight.

Yes the function runs all night.

Watching the firebase promises videos again, I’ve tried return null; and that also

doesn’t work.

I’ve posted onReddit looking for helpwith the promise. Let’s hope someone helps.

PD144 | Spoke toS1 about a possible security issue as it looked like someonewas accessing

the database at 4am. Turns out that the database doesn’t log using 24hour time,

so the 4was 4pm the day before.

PD145 | I am trying to get the js function to send white when the numSad, numMeh&

numHpy values are equal.

Testingwith the LIFXAPI documentation shows that any value that is shared

by all three channels creates white as does the keywordwhite, so why it is creating

red from the function is perplexing.

It reallydoesn’t likethecalculationsonowIamtryingtocircumventtheredplague

byaddingan if else to the send() function inorder to sendastringcontainingwhite

to theAPI.

Further investigation yields that sending saturationwithwhite causes an error

that is not being returned tome through firebase. On thinking about this, satura-

tion forwhite is ridiculous. So on removing the saturation part of the JSONthe

white nowworks exactly as expected. Nomore red plague.

Phase 14 – Creating Haptic Feedback

In Phase 14, P2worked on adding haptic feedback to the input device using a vibrationmotor,

ensuring successful interaction. The following diary excerpts illustrate the steps taken to achieve

this, including overcoming challengeswith solderless connections.
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PD119 | Talked to S3 about JST plugs for the board so that we canmake the vibration

motor removable. He suggested digiKey, element14 orRSElectronics.

PD120 | Noticed that the SparkFun boards also have a JST lipo connector, but this one is

right angle through hole. Spoke to S5 and heworked out that it is a JSTPAand

found it here atRSElectronics. Bonus is thatRShave a distribution node here in

NZ so I could have themhere in a decent amount of time. 48c each, not bad.

I’ve laid out a small piece of paper to outline how I think the JST could fit. The

over lapping is fine as that is where thewires connectors are and so should be able

to extend one to fit into the off kilter hole.

PD123 | Spoke toS3about connecting thevibrationmotor to the connectorhousingandhe

pointed out thatwhatwasmissingwas the crimps. Themetal part that attaches

to thewire and acts as the contact.

PD124 | Emailed the crimps to S1 and asked him to purchase them.

Might also need to get a crimping tool.

PD125 | Tested to see if the headerwould fit on the board. It does, just needs a 45degree

twist to the left so it doesn’t encroach on the contacts for theMKR1000headers

and faces off the board.

Crimping tutorial

PD127 | I soldered the header for the vibrationmotor andmy improvised headers onto the

nextPCB.Testing seems to show that they aren’t shorted andare passing current

to the right places. This looks like a good solution.

I have hot glued the header for the vibrationmotor downas I didn’t want it wob-

bling aroundwhen plugging and unplugging and breaking or damaging the sol-

dered joins.

This or this could be the way to go for a crimping tool. Need to investigate and

determinewhichwill work.

PD128 | Received the crimps, tried the crimping tool I purchased from Jaycar and big

surprise it’s slightly too big.

I crimped using the tool and it can not squeeze it hard enough and thewire pulled

out leaving the crimp in the housing.

I then re-crimped the same crimp (additional pressure) and could still pull it out

so put it in the crimp tool upside down and it mangled the crimp. It no longer

clicks into the housing but it isn’t releasing thewire.

PD129 | Looking at the crimping tool it says it should be able to crimp26 - 28AWGand

my crimps are 28AWG.So I tried againwith the crimping tool and got luckywith

one crimp that fits.
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Testingwith theMultimeter has shown that there is voltage passing through it

and alsowhen it is plugged in to the board. Success.

So trying again, the next three attempts failed as I think I was over squeezing

them. I know this becausewhen I insert them into the housing there is no *click*

and they pull out easily.

So I kept that part of the crimp out of the crimping tool in an effort to not squash

the tab. It seems to haveworked and thatwire also passes voltage, so sayeth the

multimeter.

Havemanaged toCrimp the largerwires in, I’munsure if either of theseareagood

crimp or connection but I nowhave two options.

PD130 | Found a a JST crimping check sheet.

Phase 15 – Building More Input Devices

In the final phase, P2 focused on assembling additional input devices but encountered some

errors despite previous experience. The following diary excerpts highlight the steps taken and

challenges faced during this phase.

PD131 | Soldered all the components to the secondPCB. Pretty straight forward.

Made amistakewith the headers for theMKR1000 though. […]

I remembered that S3 had removed the shroud for the pins in the header acciden-

tally andwas able to remove just the pinwewanted instead of thewhole header.

[…]

Testing has revealed that this solution hasworked. Yay!

I have also soldered the vibration motor onto the JST header and wires, this

solution alsoworks.

The headers for the FSRs alsowork, so nowwe have anotherworking board and

removable components. Huzzah!

I tested the two systems at once and they both feed into firebase correctly and

increment the colour as expected.

PD132 | Built the third circuit on a breadboard to test that the componentswork.

I did test the latest and found thatwhen the plugs for the FSRs are plugged in,

thewires rub against the lid and it leaves amark on thewires. I don’t think this

will be safe over time. How can I solve this?

– I could desolder the headers and solder thewires to the board like this first box

but then thatmakes it very difficult to plug in the FSRs.

– I couldget someverticalheadersandhousings to createplugswitha lowerprofile

but thatwould require headers, housing and crimps all over again.

– I could just leave it as is and hope for the best.
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PD136 | The issue of the headers projecting theFSRwires too highwas sorted byS1 sug-

gesting that I desolder the female headers and replace themwith short female to

malewires, this waywewill be able to route the plugs for the FSRswhereverwe

want them. This works, even though solderingwires together is fairly precise and

finickywork.

Testinghasalsoshownthatthethinnergaugewiresused for thevibrationmotor is

not getting a solid enough connection to the crimps and themotor doesn’t vibrate

unless they are pressed into themetal. Either I pull them and replace the wire

with the thicker gauge or I use some needle-nose pliers and squeeze the wings

down onto the exposedwires to create a better connection.

PD137 | Ihave removedthe lowgaugewires fromthevibrationmotor, crimpedsomethicker

wires and now thesewires are set to be soldered.

I have soldered the final board (box 1) and have solved half of the LED issue, the

blueandgreenworkas they shouldbut red is still notworking, I think this couldbe

to dowith the pin on theMKR1000 itself. I’ll have to investigate this onMonday.

PD138 | Over theweekend I epoxied the thirdPCB intoBox. Testing today has revealed

that the LED isworking as expected after the re-solder of the inverted blue, green

wires.

All circuits andMKR1000s areworking as expected and the LEDs are now set to

glow greenwhen the FSRs are released as suggested byS8 andS7.

PD140 | Ihavemanagedtosuccessfully re-solder thevibrationmotor. It seems likeheyused

either hot glue or something similar over the pads to hold the soldered connection

together. The simple solutionwould be to use thicker gaugewire, why they have

insisted on using this fragile nuisancewire is beyondme.

PD143 | Looks like theEpoxying hasworked, the lids still slide and the boxes don’t rattle

asmuch, still thunderousmooing from the herd but all assembled now. Except

for the device to limit theMicroUSB frombeing yanked out of theMKR1000.

On the subject of cable routing, I think these command clips could be useful, or

these self adhesive clips fromJaycar.

If they are placed at a right angle to direction of travel of the cable it could help to

minimise the direct pressure applied by someone yanking on the cable.

PD144 | S1 suggested that we hot glue the balls to the box to add stability, I suggested

Epoxy on a spare ball and on thewaste parts as a test.

PD145 | OnThursday I need to epoxy the balls to the boxes.

PD146 | Have cable tied all the remaining boxes, the cables appear to be solid.

PD147 | Epoxied the balls to their respective boxes. I had to re-cut a red one that had the

uni logo up instead of down. Once attached I discovered this sensor no longer
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responds, turns out the ball is too tight and when the pressure is released the

sensorworks. I’ll have to insert something in the ball to release the pressure. […]

PD148 | All boxes epoxied andworking, though the ugly box (Box 1)might discombobulate

itself due to the sub par epoxying of the first two balls.
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Appendix C

Semi-structured Interviews

Here, we present the questions used in the semi-structured interviews that are detailed in Chap-

ter 4, Chapter 6, and Chapter 7. These interviews were designed to explore developers’ expe-

riences, challenges, and strategies when working on Internet of Things (IoT) projects. The

semi-structured approach provided flexibility, allowing the interviewer to adapt the discussion

based on participants’ responseswhile ensuring that key topicswere addressed. The questions

served as a guide to facilitate in-depth discussions about the barriers, tools, and practices in IoT

development, with a particular focus on identifying the obstacles that non-expert developers face

when creating custom IoT solutions.
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Tomás García Ferrari | 1

Iot Developers
Semi-Structured Interview

About the project
Q1	 |	 From your perspective and in your own words, can you describe 

the project? 

Q2	 |	 What were the motivations to do this project?

Time, Learning and Phases
Q3	 |	 If you can measure it – how long did the process feel?

Q4	 |	 Was there a bit of a learning curve? How steep was it?

Q5	 |	 Were there different phases that you can identify?

Q6	 |	 Were there any stressful points during the process?

Q7	 |	 Were there any surprising things that you encountered when do-

ing the project?

Failure and Successes
Q8	 |	 Can you identify failure moments?

a.	 Did you at any moment think “this is not going to work…”?

b.	 And how did you solve it?

Q9	 |	 Can you identify successful moments?

a.	 Were those moments where you thought, “Yes! I’ve got it! This 

is it!”?

b.	 Can you explain why?

People
Q10	|	 Were there people involved that helped you during the process? 

How often did you need to contact them?

Suggestions
Q11	 |	 In hindsight, can you identify a list of things that you would have 

done differently?

Q12	|	 What would be your advice for someone that needs to start a 

project as you did?
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Iot Developers
Semi-Structured Interview

Simple or Difficult
Q13	|	 How do you evaluate the process in terms of difficulty?

		  simple  |  regular  | average  | complicated  |  super complicated

Q14	|	 How frequent would you qualify the failure moments?

		  really frequent  | frequent  |  average  |  not so frequent  |  rare

Q15	|	 How frequent would you qualify the success moments?

		  really frequent  | frequent  |  average  |  not so frequent  |  rare

Follow up ideas
	 	 …and what happened next?

	 	 …who else was involved?

	 	 …and how did you solve it?

	 	 …can you explain why?

	 	 …and how did you overcome those moments?
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FaItaP
Semi-Structured Interview

About the project
Q1	 |	 From your perspective and in your own words, can you describe 

the project? 

Q2	 |	 What were the motivations to participate in this research project?

Time, Learning and Phases
Q3	 |	 If you can measure it – how long did the process feel?

Q4	 |	 Was there a bit of a learning curve? How steep was it?

Q5	 |	 Were there different phases that you can identify?

Q6	 |	 Were there any stressful points during the process?

Q7	 |	 Were there any surprising things that you encountered when do-

ing the project?

Failure and Successes
Q8	 |	 Can you identify failure moments?

a.	 Did you at any moment think, “this is not going to work…”?

b.	 And how did you solve it?

Q9	 |	 Can you remember successful moments?

a.	 Were those moments where you thought, “Yes! I’ve got it! This 

is it!”?

b.	 Can you explain why?

Support
Q10	|	 Was the provided support enough to complete the project?

Q11	 |	 Do you think it could be better? What else would you need?

Suggestions
Q12	|	 In hindsight, can you identify a list of things that you would have 

done differently?

Q13	|	 What would be your advice for someone that need to start a proj-

ect as you did?
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FaItaP
Semi-Structured Interview

Simple or Difficult
Q14	|	 How do you evaluate the process in terms of difficulty?

		  simple  |  regular  | average  | complicated  |  super complicated

Q15	|	 How frequently did you encounter failures?

		  really frequent  | frequent  |  average  |  not so frequent  |  rare

Q16	|	 How frequently did you encounter successful events?

		  really frequent  | frequent  |  average  |  not so frequent  |  rare



Tomás García Ferrari | 1

Break This Glass
Semi-Structured Interview

About the project
Q1	 |	 Can you describe what we have invited you to do from your per-

spective and in your own words? 

Q2	 |	 What were the motivations to participate in this research project?

Time, Learning and Phases
Q3	 |	 If you can measure it – how long did the process feel?

Q4	 |	 Can you describe the learning curve of this process?

Q5	 |	 Can you identify different phases in the process?

Q6	 |	 Were there any stressful periods during the process?

Q7	 |	 Were there any surprising circumstances or facts that you en-

countered?

Failure and Successes
Q8	 |	 Can you identify obstacles?

a.	 Did you at any moment think “This is not going to work…”?

b.	 Did you have enough support to solve it?

Q9	 |	 Can you remember successful moments?

a.	 Were those moments where you thought, “Yes! I’ve got it!”?

b.	 Can you explain why?

Support
Q10	|	 Was the provided support enough to isolate a problem?

Q11	 |	 Do you think it could be better?

Q12	|	 What else do you think would be required or could help?

Suggestions
Q13	|	 In hindsight, can you identify a list of things that you would have 

done differently?

Q14	|	 What would be your advice for someone who needs to identify a 

problem just as you did?



Appendix D

Preliminary Surveys for User Studies

This appendix contains the complete versions of the surveys used in our user studies presented in

Chapter 6 andChapter 7. Wehave included themprecisely as given to theparticipants to provide a

clear picture of the questions asked andhow the datawas gathered. This ensures that the context

of our findings is understood and that our researchmethods remain transparent and replicable in

future studies.
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Welcome

From an Idea to a Prototype
Assisting non-experts to prototype IoT projects

Purpose
This research is conducted as a partial requirement for a PhD in Computer Science.
This project requires the researcher to conduct research using surveys or interviews
or combine the two techniques.

What is this research project about?
This research is to investigate assisting tools – such as custom-made playing cards
and online tutorials – that could help non-experts to prototype an IoT project.

What will you have to do and how long will it take?
As part of this research, you will be invited to make a simple IoT project following a
set of instructions (the researcher will provide all the components). You will be asked
to complete a survey questionnaire online and interviewed by the researcher. The
experiment should take approximately two hours. As compensation for your time, you
will receive a $30 bookstore voucher. The researcher will record the interview. You
will be asked to give consent before the interview and maybe ask to give consent
later.

What will happen to the information collected?
The information collected will be used by the researcher to write a doctoral thesis.
Articles and presentations may be the outcome of the research. Only the researcher
and supervisors will be privy to the notes, documents, and recordings. The
researcher will keep transcriptions of the recordings and a copy of the paper but will
treat them with the strictest confidentiality. No participants will be named in the
publications, and the researcher will make every effort to disguise their identity.

Declaration to participants
If you take part in the study, you have the right to:

• Refuse to answer any particular question, and to withdraw from the study
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before the 31st of March 2022, when analysis has commenced on the data. At
the end of this survey, you will receive a unique number that you could use in
case you want to withdraw from the study.

• Ask any further questions about the study that occurs to you during your
participation.

• Be given access to a summary of findings from the study when it is concluded.

Who’s responsible?
If you have any questions or concerns about the project, either now or in the future,
please feel free to contact either:
Researcher: Tomás García Ferrari | tomasgf@waikato.ac.nz
Supervisor: Annika Hinze | hinze@waikato.ac.nz

Consent Form for Participants

I have read the Participant Information Sheet for this study and have had the details
of the study explained to me. My questions about the study have been answered to
my satisfaction, and I understand that I may ask further questions at any time.

I also understand that I am free to withdraw from the study before the 31st of August
2021, or to decline to answer any particular questions in the study. I understand I can
withdraw any information I have provided up until the researcher has commenced
analysis on my data. I agree to provide information to the researchers under the
conditions of confidentiality set out on the Participant Information Sheet.
 

Video and audio recording

I agree to participate in this study under the conditions set out in the previous page

I agree to my responses to be video and audio recorded

I prefer that the researcher will not video and audio record my responses
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Use of images

Demographics

Age
What is your age?

Education
What is the highest degree or level of school you have completed?

Knowledge and Experience

Digital technologies
Digital technologies are electronic tools, systems, devices and resources that
generate, store or process data in digital form (in uniform 0–1 form). Websites,

I agree to my images being used

I prefer that the researcher will not use my images

Under 18

18 - 24

25 - 34

35 - 44

45 - 54

55 - 64

65 or older

High school degree or equivalent (e.g. GED)

Bachelor's degree (e.g. BA, BS)

Master's degree (e.g. MA, MS, MEd)

Doctorate degree (e.g. PhD)
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mobile phones, digital televisions, or digital music players are examples of digital
technologies.

The following questions will ask about your knowledge, experience and satisfaction
with digital technologies. By asking these questions, we are not evaluating your
knowledge but understanding your relationship with digital devices and services.

Computers in your work
Which computing platforms do you commonly use?

Mobile phones and tablets
Which mobile operating systems do you use?

Knowledge
How would you qualify your digital technologies knowledge?

Windows PC

Macintosh

Linux

Android – Google

iOS – Apple

Other

     Very poor
Below

average Average
Above

average Excellent

Setup and configure   

Programming (using
menus)

  

Coding (writing code)   

Following instructions
(e.g., manuals or
tutorials)
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Experience
How would you consider your level of satisfaction with digital technologies?

Internet of Things (IoT)
How would you rate your knowledge of IoT technologies?

    

Very
dissatisfied Dissatisfied Neither Satisfied

Very
satisfied

Mobile phone   

Tablet   

Computer   

Car digital tools (e.g.,
Bluetooth stereo,
maps, etc.)

  

Home appliances   

Other (e.g., ATM,
online banking, etc.)

  

     Very low
Below

average Average
Above

average Very high

Single-board
microcontrollers (e.g.,
Arduino)

  

Cloud services (e.g.,
databases)

  

Sensors (e.g.,
temperature,
proximity, etc.)

  

Actuators (e.g., servo
motors, smart bulbs,
etc.)
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Community
How would you rate your awareness of the following community-based resources?

Help and assistance
How frequently do you ask for help online?
(beyond “asking Google”)

Your ID Number

How to withdraw
Your unique participant ID number is ${e://Field/Random%20ID}.

If you would like to withdraw from the study, contact us before the 31st of August
2021, mentioning your number. The researcher will then remove that number and

    

Not at all
aware

Slightly
aware

Moderately
aware Very aware

Extremely
aware

Arduino forum   

Stack Overflow   

Reddit   

Other tech forums   

Make: magazine   

Instructables.com   

Hacksters.io   

Maker.io   

GitHub   

     Never Rarely Sometimes Often Always

Post a question in a
forum

  

Chat with
experienced people

  

Ask on social media
(e.g., Twitter,
Facebook)
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your participation from the study.

258 | Appendix D. Preliminary Surveys for User Studies



Welcome

Break This Glass
Assisting non-experts to isolate problems in IoT projects

Purpose
This research is conducted as a partial requirement for a PhD in Computer Science.
This project requires the researcher to conduct research using surveys or interviews
or combine the two techniques.

What is this research project about?
This research project investigates assisting tools – such as custom-made playing
cards and online tutorials – that could help non-experts isolate problems in IoT
projects.

What will you have to do and how long will it take?
As part of this research, you will be invited to identify a problem occurring with a
simple IoT project following a set of instructions (the researcher will provide all the
components). You will be asked to complete a survey questionnaire online and
interviewed by the researcher. The experiment should take approximately two hours.
As compensation for your time, you will receive a $30 bookstore voucher. The
researcher will record the interview. You will be asked to give consent before the
interview and maybe ask to give consent later.

What will happen to the information collected?
The information collected will be used by the researcher to write a doctoral thesis.
Articles and presentations may be the outcome of the research. Only the researcher
and supervisors will be privy to the notes, documents, and recordings. The
researcher will keep transcriptions of the recordings and a copy of the paper but
treat them with the strictest confidentiality. No participants will be named in the
publications, and the researcher will make every effort to disguise their identity.
Images captured during the study may be used, but will not include faces and the
researcher will make every effort to anonymise them by removing identifying details.
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Declaration to participants
If you take part in the study, you have the right to:

• Refuse to answer any particular question, and to withdraw from the study
before the 31st of March 2022, when analysis has commenced on the data. At
the end of this survey, you will receive a unique number that you could use if you
want to withdraw from the study.

• Ask any further questions about the study that occurs to you during your
participation.

• Be given access to a summary of findings from the study when it is concluded.

Who’s responsible?
If you have any questions or concerns about the project, either now or in the future,
please feel free to contact either:
Researcher: Tomás García Ferrari | tomasgf@waikato.ac.nz
Supervisor: Annika Hinze | hinze@waikato.ac.nz

This research project has been approved by the Human Research Ethics Committee
of the University of Waikato under HREC(HECS)2021#62. For any ethical questions
or concerns please contact the Chair of the Committee, email hecs-
ethics@waikato.ac.nz, postal address, University of Waikato, Te Whare Wananga o
Waikato, Private Bag 3105, Hamilton 3240.

Consent Form for Participants

I have read the Participant Information Sheet for this study and have had the details
of the study explained to me. My questions about the study have been answered to
my satisfaction, and I understand that I may ask further questions at any time.

I also understand that I am free to withdraw from the study before the 31st of March
2022 or to decline to answer any particular questions in the study. I understand I can
withdraw any information I have provided until the researcher has commenced
analysing my data. I agree to provide information to the researchers under the
conditions of confidentiality set out on the Participant Information Sheet.
 

I agree to participate in this study under the conditions set out in the previous page
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Video and audio recording

Use of images

Demographics

Age
What is your age?

Education
What is the highest degree or level of school you have completed?

I agree to my responses to be video and audio recorded

I prefer that the researcher will not video and audio record my responses

I agree to my images being used

I prefer that the researcher will not use my images

Under 18

18 - 24

25 - 34

35 - 44

45 - 54

55 - 64

65 or older

High school degree or equivalent (e.g. GED)

Bachelor's degree (e.g. BA, BS)

Master's degree (e.g. MA, MS, MEd)

Doctorate degree (e.g. PhD)
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Knowledge and Experience

Digital technologies
Digital technologies are electronic tools, systems, devices and resources that
generate, store or process data in digital form (in uniform 0–1 form). Websites,
mobile phones, digital televisions, or digital music players are examples of digital
technologies.

The following questions will ask about your knowledge, experience and satisfaction
with digital technologies. By asking these questions, we are not evaluating your
knowledge but understanding your relationship with digital devices and services.

Computers in your work
Which computing platforms do you commonly use?

Mobile phones and tablets
Which mobile operating systems do you use?

Windows PC

Macintosh

Linux

Android – Google

iOS – Apple

Other
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Knowledge
How would you qualify your digital technologies knowledge?

Experience
How would you consider your level of satisfaction with digital technologies?

     Very poor
Below

average Average
Above

average Excellent

Setup and configure   

Programming (using
menus)

  

Coding (writing code)   

Following instructions
(e.g., manuals or
tutorials)

  

    

Very
dissatisfied Dissatisfied Neither Satisfied

Very
satisfied

Mobile phone   

Tablet   

Computer   

Car digital tools (e.g.,
Bluetooth stereo,
maps, etc.)

  

Home appliances   

Other (e.g., ATM,
online banking, etc.)
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Internet of Things (IoT)
How would you rate your knowledge of IoT technologies?

Community
How would you rate your awareness of the following community-based resources?

     Very low
Below

average Average
Above

average Very high

Single-board
microcontrollers (e.g.,
Arduino)

  

Cloud services (e.g.,
databases)

  

Sensors (e.g.,
temperature,
proximity, etc.)

  

Actuators (e.g., servo
motors, smart bulbs,
etc.)

  

Not at all
aware

Slightly
aware

Moderately
aware Very aware

Extremely
aware

Arduino forum   

Stack Overflow   

Reddit   

Other tech forums   

Make: magazine   

Instructables.com   

Hacksters.io   

Maker.io   

GitHub   
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Help and assistance
How frequently do you ask for help online?
(beyond “asking Google”)

Identifying problems
How obvious is it for you to spot the cause of an electrical, electronic or digital device
malfunction?

Your ID Number

How to withdraw
Your unique participant ID number is ${e://Field/Random%20ID}.

If you would like to withdraw from the study, contact us before the 31st of March

     Never Rarely Sometimes Often Always

Post a question in a
forum

  

Chat with
experienced people

  

Ask on social media
(e.g., Twitter,
Facebook)

  

     Not at all Slightly Moderately Very Extremely

Household appliances   

Smart appliances   

Audiovisual systems   

Remotely controlled
devices (e.g., garage
door)

  

Computers   

Wireless devices (e.g.,
laptop, tablet, mobile
phone)

  

Other devices   
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2022, mentioning your number. The researcher will then remove that number and
your participation from the study.
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Appendix E

Posters

This appendix presents the posters used to recruit participants for the user studies described

in Chapters 6 and 7. These posters were designed to provide potential participants with key

information about the studies, including the purpose, participation requirements, and how to get

involved. By sharing thesematerials, we aim to offer insight into our recruitment process and

ensure transparency in participants’ engagement in the research.
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From an Idea to a Prototype
Tomás García Ferrari | SCMS 
tomas.garciaferrari@waikato.ac.nz

to help us better 
understand the IoT

we need
YOU

Use the QR code to fill in your details, 
and we will get in contact with you.

We are researching Internet of Things 
(IoT) technologies with non-experts, 
and we invite you to participate in our 
user study.

No previous experience is required. But 
if you are curious about technologies 
that we see gaining presence in our 
lives, from smart homes to self-tracking 
tools, you will find the study interesting.

You will receive a book store voucher as 
compensation for your time.



From an Idea to a Prototype
Tomás García Ferrari | SCMS 
tomas.garciaferrari@waikato.ac.nz

…to use sensors and
record your own data?

do you
WANT

Use the QR code to fill in your details, 
and we will get in contact with you.

We are researching Internet of Things 
(IoT) technologies with non-experts, 
and we invite you to participate in our 
user study.

No previous experience is required. But 
if you are curious about technologies 
that we see gaining presence in our 
lives, from smart homes to self-tracking 
tools, you will find the study interesting.

You will receive a book store voucher as 
compensation for your time.



From an Idea to a Prototype
Tomás García Ferrari | SCMS 
tomas.garciaferrari@waikato.ac.nz

…to use sensors to
automate your home?

would you
LIKE

Use the QR code to fill in your details, 
and we will get in contact with you.

We are researching Internet of Things 
(IoT) technologies with non-experts, 
and we invite you to participate in our 
user study.

No previous experience is required. But 
if you are curious about technologies 
that we see gaining presence in our 
lives, from smart homes to self-tracking 
tools, you will find the study interesting.

You will receive a book store voucher as 
compensation for your time.



Break This Glass
Tomás García Ferrari | SCMS 
tomas.garciaferrari@waikato.ac.nz

to help us identify 
where an IoT project fails

we need
YOU

Use the QR code to fill in your details, 
and we will get in contact with you.

We are researching Internet of Things 
(IoT) technologies with non-experts, 
and we invite you to participate in our 
user study.

No previous experience is required. But 
if you are curious about technologies 
that we see gaining presence in our 
lives, from smart homes to self-tracking 
tools, you will find the study interesting.

You will receive a book store voucher as 
compensation for your time.

?
?

?
!



Break This Glass
Tomás García Ferrari | SCMS 
tomas.garciaferrari@waikato.ac.nz

…to isolate a problem in a 
sensor-based IoT project?

do you
WANT

Use the QR code to fill in your details, 
and we will get in contact with you.

We are researching Internet of Things 
(IoT) technologies with non-experts, 
and we invite you to participate in our 
user study.

No previous experience is required. But 
if you are curious about technologies 
that we see gaining presence in our 
lives, from smart homes to self-tracking 
tools, you will find the study interesting.

You will receive a book store voucher as 
compensation for your time.

?
?

?
!



Break This Glass
Tomás García Ferrari | SCMS 
tomas.garciaferrari@waikato.ac.nz

…to spot a failure in an 
home automation project?

would you
LIKE

Use the QR code to fill in your details, 
and we will get in contact with you.

We are researching Internet of Things 
(IoT) technologies with non-experts, 
and we invite you to participate in our 
user study.

No previous experience is required. But 
if you are curious about technologies 
that we see gaining presence in our 
lives, from smart homes to self-tracking 
tools, you will find the study interesting.

You will receive a book store voucher as 
compensation for your time.

?
?

?
!
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