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ABSTRACT 

Smart and autonomous systems are becoming increasingly 

integrated into everyday interactions and user experiences, 

offering great potential to make technology more efficient 

and more enjoyable to use. Developing our understanding 

of user interactions with these systems will allow designers 

and developers to improve the smart technology of the 

future. However, previous studies in the area have 

frequently been conducted in laboratory environments, and 

therefore may lack the ecological validity of evaluation 

within a more natural setting where participants can be 

affected by their surrounding contexts. Creating prototypes 

to be used in-the-wild is a necessary step for developing a 

more realistic understanding of smart systems. This thesis 

presents an Internet of Things (IoT) breadmaker, which is 

designed and implemented for conducting studies within 

the kitchen environment. The breadmaker prototype is 

deployed in an exploratory study, investigating the 

cognitive biases caused by motion cues from the device, 

and how users perceive and interact with an IoT device in 

the kitchen. The study demonstrates the potential for future 

deployment of the prototype in more extended, long-term 

field studies. Additionally, the study findings provide 

insight into the challenges of measuring bias from motion 

cues, how users understand motion within the interface, and 

more generally what users expect from smart devices in the 

kitchen. These results can help to inform the further use of 

similar prototypes for research. 
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1. INTRODUCTION 
Smart, internet-connected devices are increasingly 

commonplace in the home environment. This has been a 

persistent trend in recent years, as advancements in 

artificial intelligence and robotics have driven autonomous 

agents to become more prevalent throughout everyday 

technology [14]. By common definition, increased 

autonomy means a reduced requirement for human 

intervention, in order for the technology to complete tasks 

[38]; in other words, technology has an increased capability 

to complete tasks which were previously performed by 

humans. Along with cheaper embedded systems and 

improved internet connectivity, the proliferation of smart 

and autonomous devices is part of the Internet of Things 

(IoT) movement, where everyday objects can communicate 

large amounts of data across the internet and possess 

increased interactive capabilities [28]. These continuing 

trends comprise the vision of a future where people are 

regularly interacting with autonomous agents in their day to 

day routines and in a greater variety of environments and 

contexts, a concept dubbed ubiquitous computing by Weiser 

[48]. This evokes the need to evolve our understanding of 

how people interact with autonomous, IoT technology, in 

natural environments. 
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Figure 1: The Internet of Things breadmaker 
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Just as usability is an important consideration for designing 

the technology of today, it is necessary to develop our 

understanding of how humans interact with the autonomous 

technology of tomorrow. Human-robot interaction is a 

broad field, including the technological advancements in 

creating autonomous systems and novel ways to interact 

and delegate tasks between humans and agents. While 

research into human factors and cognitive psychology has 

long helped to shape our understanding of how design 

affects users’ experiences [29], the overlap of this field with 

human-robot interaction has not been explored to the same 

extent [12,41]. Additionally, user studies which examine 

interactions with smart systems can be limited, if they are 

conducted in the short-term with wizard-of-oz prototypes, 

and within a controlled laboratory environment [3,4]. 

Implementing prototypes that can be incorporated into 

long-term field studies is important to understand how 

novel technology can be used in the field, in order to 

increase the ecological validity of the research [22].  

Autonomous systems may often be actuated, having 

moving parts to accomplish physical tasks. Previous 

research has shown how device movement has a versatile 

range of effects, from informing the user about system 

behaviour to influencing user judgements of system 

performance [10,16,44]. This thesis concerns autonomous, 

actuated systems which display motion cues, both in terms 

of the physical movement from the device and the virtual 

movement within animated interfaces. We create a fully 

functional prototype for an IoT breadmaker, to investigate 

user interactions with autonomous, actuated interfaces 

within a natural setting. The kitchen and cooking context is 

selected as it offers interesting unknowns regarding how 

possible biases are realised through a variety of different 

senses. Furthermore, smart agents used for cooking are 

becoming increasingly commonplace and will potentially 

be used more regularly than other smart systems, increasing 

the value of the study [14].  

The IoT breadmaker, seen in Figure 1, is created by 

extending an existing breadmaker with an Arduino 

microcontroller, and a web application is designed and 

implemented which allows the user to monitor and control 

the breadmaker remotely. The device is then used in an 

exploratory study, investigating whether perception of 

motion cues within the device and web interface can 

influence user judgements of system performance. While 

previous work has found that motion cues improve such 

judgements [10], the study discusses to what extent the 

biases translate to other systems and if they persist in a 

more naturalistic setting. Primarily, the study demonstrates 

the reliability and practically of the system as a platform to 

study an autonomous, IoT device. Furthermore, running the 

study yielded insights into how users interact with an IoT 

device in the kitchen environment. The strengths and 

weaknesses of the exploratory study and prototype are 

highlighted which sets up a foundation and direction for 

future work. 

 

2. LITERATURE REVIEW 

The following review looks at the type of system being 

investigated, how biases can affect a user’s judgement of 

system performance, and the existing work on the effects of 

motion cues from autonomous systems. 

Defining autonomous systems 

An autonomous system is one which can perform tasks 

independently of the user [38]. The archetypal autonomous 

system is the conventional concept of a robot, an artificial 

mechanism which can behave like a living being and is 

mainly anthropomorphic in form [12]. However, as 

everyday technology, like household appliances and cars, 

develop increasingly autonomous features, the boundaries 

around what is strictly robotic have become increasingly 

blurred. Devices which have been recently termed as robots 

include vacuum cleaning robots [42], autonomous and 

semi-autonomous vehicles [39], and social robots [46]; the 

term has therefore been used more loosely to describe 

machines that are able to perform complex, physical tasks 

which are usually performed by humans. 

The terms actuated interfaces or smart objects have also 

been used to describe devices which exhibit elements of 

autonomous behaviour [23,30]. Helmes et al.’s rudiments 

[15], for example, are simple mechanical objects created to 

provoke discussion over how aspects of autonomy can be 

inferred from their ambiguity. Nowacka and Kirk argue that 

between the set of tangible user interfaces and fully-formed 

robots, there is the category of tangible autonomous 

interfaces (TAIs), with some aspects of autonomy and life-

like behaviour found in the conventional robots [31]. The 

TAI framework can be seen in Figure 2. This study takes 

the standpoint that there exists a subjective scale for 

classifying autonomous systems based on their capabilities 

and autonomous qualities. The system created in this paper 

lie somewhere along this scale, between simple, tangible 

user interfaces and autonomous, anthropomorphic robots. 

The autonomous system created in this study is a 

commercial breadmaker modified to be internet-connected 

and controllable via a remote web interface. The device can 

be categorised within the IoT and ubiquitous computing 

movements [14,28,48], as it adds additional capability to an 

everyday household appliance, through increased sensing, 

data processing, and internet connectivity. Automatic food 

preparation systems are being developed for both home and 

commercial environments [18,37]. An example is Cafe X in 

Figure 2: A framework for describing tangible 

autonomous interfaces [21] 
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San Francisco, seen in Figure 3, which features a robotic 

barista claiming to boost efficiency of service. The robot is 

displayed behind a glass screen, making transparent the 

motion and actions of the robot. There have however, been 

limited studies on the effectiveness of such uses of robotic 

systems. In this thesis, the creation of the IoT breadmaker 

provides a prototype to conduct evaluative studies in the 

field and the follow up study explores whether biases 

related to users’ perception of the motion of the device [10] 

translate well into this different environment.  

Smart systems in the home have a multitude of other uses, 

such as for energy management. The Nest thermostat is a 

well-documented, commercial example; it incorporates 

machine learning on users’ preferences to theoretically save 

the user money and reduce energy consumption [6]. Yang 

and Newman’s paper [49] which evaluates the Nest, 

presents findings which can help to inform the design of 

future intelligent home systems. For example, their 

principle of constrained engagement is that smart systems 

should be designed to be engaging but not distracting. 

These findings are also important for the kitchen 

environment, where smart devices have the potential to 

encourage users to engage more with data and to inform 

user actions. This was demonstrated with Bitbarista, a smart 

coffee machine augmented with an interface for increased 

data transparency [34]. Evaluating prior work with smart 

devices has helped to inspire the creation of the IoT 

breadmaker and guide the discussion of the following 

exploratory study.  

User perception of motion 

Actuation is common within autonomous systems and the 

movement from the actuated parts of a system can shape 

how a user reacts and interacts to it. There are numerous 

studies on how a user’s perception of motion can be used to 

inform their understanding of a system’s capabilities. A 

study by Tremoulet and Feldman showed how a simple, 

moving image was interpreted as more alive when the 

trajectory of the movement was more uncommon and 

harder to explain; this is a property they termed as animacy 

[45]. Work with speculative tangible interfaces has 

suggested that people sometimes use their individual 

experiences of living things to think about movement, 

personifying the interfaces with their own interpretations 

and attributing more intelligence to the interfaces than 

exists [15,30]. This effect is related to the Media Equation 

Theory by Reeves and Nass [35] which suggests that when 

humans interact with technology, they respond to the media 

with interpersonal attributes such as politeness. Motion 

within systems can therefore increase the perceived level of 

intelligence within a system through the likeness to living, 

intelligent organisms.  

Work with anthropomorphic robots has described how 

gestural motion can be used effectively to aid our 

understanding of a robot’s behaviour and intentions, 

consequently improving the communication between robots 

and users. Hoffman’s work with music and 

anthropomorphism in robots shows how human-like 

movements can aid the enjoyment of listening to music as 

well as act as cues for music performance [16,17]. 

Similarly, Takayama et al’s work with an animated robot 

shows how motion can be used to increase robot readability 

and subsequent judgements of performance [44]. 

Takayama’s work also shows potential for motion cues to 

be effective through video and animation, although work by 

Wainer et al. suggests that embodied robots in comparison 

are more effective and enjoyable to interact with than 

simulated ones [47]. Motion influences the transparency 

and intentionality of autonomous system behaviour, which 

has considerable ramifications on improving user 

experience. Motion cues have the potential to be 

incorporated into the designs of autonomous actuated 

interfaces, and are examined further in this thesis. 

Cognitive bias in judgements of autonomous systems 

Altered judgements of systems from the perception of 

movement can be attributed to a type of cognitive bias [10]. 

Cognitive biases are commonplace not just in interactions 

with technology but throughout all human decision making 

and perception [19]. Kahneman and Taversky first 

developed the concept of cognitive biases, explaining that 

such irrational decisions are made with the use of heuristics 

in thinking [20]. Since then, cognitive bias has been widely 

studied in a variety of significant applications, from 

behavioural economics to law [1]. Understanding the 

cognitive bias present in user’s interactions with 

autonomous systems is an important for informing the 

design of systems and plays a key role in ensuring that 

systems do not mislead users. 

Users are particularly susceptible to cognitive biases when 

faced with autonomous qualities of systems. These biases 

are influenced by a user’s’ mental model of the system and 

continually change as understanding of systems develop 

with extended use. Kim and Hinds showed that by changing 

transparency about a robot’s capability, users can be 

influenced in how they attribute blame and credit between 

Figure 3: Café X’s robot barista  
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other users and the system [21]. How users can understand 

the behaviour and capability of autonomous systems is 

therefore a key source of bias when making judgements 

about the system; in the context of this study, users’ 

appraisal of the system could be influenced by motion cues, 

as the additional information from motion provides 

increased transparency within the system.  

A study by Paepcke and Takayama on expectation setting 

found that setting lower expectations of robot capability can 

form a more positive view of robot competence [33]. 

Similarly, Sun and Sundar found that framing a robot as a 

task-oriented entity rather than a social entity induced more 

positive evaluations about the robot [43]. These effects can 

be considered as framing effects. Framing autonomous 

systems with prior information and expectation introduces 

heuristics which are influential in judgements made about 

the system. Biases attributed to motion cues are a related 

effect [10]. Whether these effects persist in the long-term or 

in a naturalistic environment is investigated in this study; 

over a longer period or with additional distractions, motion 

cues could become less informative or impactful. This 

thesis sets out to discuss how this research can be 

conducted with more ecological validity within a natural 

setting. 

 

3. MOTIVATION 

In this thesis, we design and implement an internet of things 

(IoT) breadmaker. The motivation for creating the device is 

to produce a functional IoT device for conducting research 

in-the-wild [4,36]. The creation of the breadmaker 

prototype provides a device platform to investigate user 

interaction with automatic IoT devices in the kitchen 

environment. The kitchen context was selected for its 

novelty as there is limited prior research in the area. 

Studying smart devices within the kitchen is further 

motivated by the potentially higher amounts of interactivity 

during the cooking process. The regularity of the activity in 

a day-to-day routine and the high frequency of interaction 

within the home environment makes it more valuable to 

study. Furthermore, cooking incorporates multiple senses 

from which users can form judgements about smart device 

performance, which allows for more freedom to investigate 

biases that may influence the process. 

Breadmakers are small kitchen appliances which make 

bread from raw ingredients, through automated kneading, 

temperature control and baking. Breadmakers were selected 

as they have a reasonably high level of autonomy and 

tangibility, to support investigating autonomous, actuated 

interfaces. High tangibility means that a breadmaker has 

moving parts of which the users are prominently aware. 

Users experience this through the visual perception of 

movement, and also through the sound of the device 

moving. High autonomy means that a breadmaker performs 

a series of operations with minimal user supervision and 

interaction.  

Implementing the IoT breadmaker provides a more realistic 

representation of an IoT device that would be found in a 

hypothetical smart kitchen. This increases the ecological 

validity of conclusions drawn about the effects of the 

device in comparison to using a wizard-of-oz prototype or 

conducting a controlled laboratory experiment. A functional 

prototype is particularly necessary for the kitchen context, 

as cooking and baking are processes which require greater 

time commitment. Employing a working prototype 

facilitates the study to be conducted in a more natural 

environment and offers the opportunity to look at effects 

across longer time periods. 

This thesis contains an exploratory study using the IoT 

breadmaker. Garcia et al.’s [10] work on investigating 

motion cues is a primary source of inspiration for the 

exploratory study. Garcia et al. performed a laboratory 

experiment using two identical Roomba robots. When 

participants were shown the physical motion of a Roomba 

robot, subsequent user judgements of room cleanliness are 

improved. Furthermore, perception of the live motion of the 

robot was more effective in improving judgements of 

performance than showing a video of the same movement. 

The physical motion from the Roombas introduced a 

cognitive bias which made the users regard the performance 

of the system more highly. 

The study primarily demonstrates and assesses the viability 

and practicality of the IoT breadmaker. The study also 

seeks to understand the extent to which the bias from 

Garcia et al. translates to a different type of system and in a 

more naturalistic setting. In the case of the IoT breadmaker, 

movement is seen in the motion of kneading bread, shown 

in Figure 4, and the additional animations on the web 

interface which reflect the machine state. Studying the 

kitchen environment investigates whether biases persist 

through other user senses apart from vision; participants 

will taste the produced bread and judge its taste. The study 

also looks broadly at how users interact with the device, 

and how they form judgements about the bread and the 

Figure 4: Dough being kneaded inside a breadmaker 
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breadmaker. By conducting the exploratory study, the study 

design and prototype can both be improved for future work. 

 

4. THE IOT BREADMAKER 

The IoT breadmaker is created from modifying an existing 

commercial breadmaker and implementing a web 

application with which the device can be controlled. The 

original breadmaker electronics are augmented with an 

Arduino microcontroller, allowing the Arduino to operate 

the existing device user interface. This approach is 

influenced by the concept of mechanical hijacking [7], 

whereby the controls of a device can be accessed through 

adding external mechanical components. Hacking the 

controls is advantageous as it is preserves the existing 

electronics, and is therefore more cost-efficient and reliable 

to implement.  

The Arduino connects to a web server using Wi-Fi, which 

synchronises the device with the web application, allowing 

it to be accessible using desktop and mobile devices. The 

web application is designed and implemented from the 

ground up, using an iterative, user-centered design process 

to improve the general usability of the application. The 

system was designed with two primary research question in 

mind. The first research question is to investigate whether 

motion cues present in the device interface of automatic 

systems can lead to improved user judgements of the 

system performance. The second question looks to discuss 

more generally how participants react to and interact with 

IoT devices in a kitchen environment. 

Functional requirements 

Designing the machine and interface functionality follows 

on from establishing the research questions and 

requirements of the exploratory study. The system has these 

requirements to be able to operate as a realistic IoT device 

within the study. These requirements were referred to 

throughout the design and implementation stages: 

1. The user should be able to view the machine state 

remotely. Being able to understand the state of the system is 

required in order to control the system. Additionally, the 

transparency provided by showing the user the machine 

state is necessary for a smooth, positive user experience. 

Transparency in device interfaces has been shown to 

increase trust of the system, reduce blame placed on 

systems and improve judgements of system performance 

[21]. 

2. The user should be able to control the machine state and 

trigger the breadmaking process remotely. This is a simple 

functional requirement, which is common for IoT devices. 

3. The system should abstract away unnecessary details 

from the existing UI. For example, automating multiple 

button presses on the existing UI and mapping it to one 

button on the new UI. This allows for more flexibility to be 

presented on the web interface and increases the level of 

automation within the IoT system. 

4. The interface should reflect the behaviour of the system 

through the presence of motion cues within the UI. This 

requirement is specific for conducting the exploratory 

study, as the effect of motion cues is being investigated in 

the exploratory study. Hypothetically, the motion cues 

serve the purpose of improving transparency of the system 

and improve the user experience by offering more system 

information. 

5. The web application should store the system’s usage 

data. Being able to store usage data on the web server 

provides quantitative data for the purposes of future studies. 

6. The system should be able to prompt the user for 

feedback, through the use of experience sampling or 

questionnaires [25]. This provides a way for the system to 

record qualitative data through interacting with the user. 

7. The device should have sufficient exception handling, to 

ensure the reliability of the device during the experiment. 

For example, dealing with situations where the appliance is 

not connected to Internet. 

Design of web application and interface 

The design of the web application aims to fulfil the first 

four functional requirements above. The application design 

should allow the user to view and control the machine 

through the internet. The user interactions within the 

application should abstract away the complicated detail of 

the machine operation. Lastly, the application should 

contain motion cues to both improve user experience and 

fulfil the requirements for the exploratory study. The design 

of the web application is open-ended, providing the 

freedom to run a user-centered design process.  

The user requirements were created through short cognitive 

walkthrough tasks [27]. These helped to identify the user 

goals and task requirements for the web interface. 

Cognitive walkthroughs were used as they are efficient to 

run and do not require additional participants. Through an 

Figure 5: Wireframes and mockups during the design process 
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improved understanding of users’ mental model for the 

system, the decision was made to include two interfaces, 

one to display the state of the machine, and another to 

control the machine for the breadmaking process.  

With an idea for the purpose and content of each interface, 

wireframes for the interfaces were drawn to explore the 

idea space and visualise possible alternatives. Wireframes 

were first drawn by hand and then using Adobe Experience 

Design. Creating the wireframes in software allowed for the 

interfaces to be converted into clickable mockups, which 

could be used on device screens. These are shown in Figure 

5. This allowed for initial user testing, seen in Figure 6; 

short think-aloud studies [26] were performed with 3 

human-computer interaction students, which highlighted 

usability issues and resulted in a more refined concept for 

the interface. This was then converted into the front end of 

the web application using HTML, CSS and JavaScript. 

Further think-aloud studies helped to iteratively tweak the 

application until the exploratory study was conducted. 

Screenshots of the final web application design can be seen 

in Figure 7. 

Implementation details 

Overview of architecture 

The modified breadmaker consists of the original 

breadmaker system, an Arduino Yun, and a web server and 

web application. The Arduino microcontroller is used to 

control the existing controls of the original breadmaker. 

The Arduino Yun board is used as it has an integrated WiFi 

component on the board, which polls the web server to 

receive user input. The user can interact with the 

breadmaker on both the existing controls and the web 

interface. The web interface allows the user to view the 

state of the breadmaker and issue commands to the 

breadmaker. This allows the breadmaker to be controlled 

remotely and at an abstracted level of instruction; for 

example, one command via the web interface can trigger 

multiple breadmaker commands. Figure 8 is a diagram 

summarising the overall architecture. 

Choice of breadmaker 

The IoT breadmaker is modified from an existing 

commercial breadmaker, the Panasonic SD-2500WXC. The 

decision to use this model of breadmaker was heavily 

influenced by the availability of the service manuals for the 

breadmaker. The service manual available included wiring 

diagrams, disassembly instructions and component lists 

which were useful in understanding the existing structure 

and implementation of the breadmaker. Other factors in 

choosing the breadmaker were the cost of the unit and the 

short delivery times available. Our implementation uses a 

second hand breadmaker which is new aside from a minor, 

inconsequential cosmetic defect. 

Figure 6: Performing a think-aloud study with a student 

Figure 7: Web version of the menu interface (left) and mobile version of the main interface (right) 
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Modifying the existing breadmaker 

It was originally considered to disassemble the entire 

breadmaker, in order to integrate new functionality within 

the breadmaker. This would have involved replacing most 

of the existing circuitry except for the heating elements and 

motor. However, it was decided that this was 

overcomplicated for our desired purpose of interfacing the 

device with the web application. Our eventual direction is 

to control the existing user interface, leaving the core 

components and existing breadmaker programming intact. 

Altering the existing programs would have made it more 

challenging to maintain the same quality of bread produced, 

while our method utilises the functionality of the existing 

system efficiently. 

The buttons were controlled from the Arduino using 

electronic relays to trigger the push button to open and 

close. This setup is shown in Figure 9. An alternative circuit 

which was attempted aimed to trigger the push button by 

creating additional sources and sinks of current using the 

Arduino power supply. This would mimic the behaviour of 

the push button but would have the risk of short-circuiting 

the UI board. With the setup using relays, the circuits of the 

Arduino and the breadmaker are isolated, and hence there is 

no risk of damaging the additional circuitry through 

additional supplies of charge. The wiring is soldered onto 

the existing breadmaker circuitboard and care was taken to 

ensure that the soldering was clean enough to prevent short 

circuits. Additionally, the wiring had to be flat enough 

behind the existing circuitboard so that the circuitry could 

fit in the original casing with minimal modifications.  

The Arduino Yun board and extended circuit are housed in 

a laser cut acrylic casing. This was put together using 

standard acrylic glue, with some pieces secured by tape so 

that the circuit can be removed for modifications. The 

casing is attached to the breadmaker using velcro, which 

allows the casing to be removed and adjusted for 

modifications. The casing is positioned to minimise residual 

heat to the circuitry. Figure 10 shows the main modified 

circuitboard and additional circuit prior to being fixed into 

the breadmaker. 

Creating the web application 

The web application is created using the Django 

framework. This framework was selected for its flexibility, 

ease of use and availability of resources to assist with the 

implementation of the application and server. The Django 

framework uses a Model-View-Template design pattern, 

Figure 9: Circuit diagram showing use of relays to trigger 

push buttons using Arduino 

Figure 8: An overview of the system architecture 

Figure 10: Back of the modified circuitboard and the 

lasercut box housing the extended circuit. 
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similar to the more common Model-View-Controller design 

pattern. The model stores the data representing the state of 

the system and the actions performed by the user. The 

Django view is similar to the common concept of a 

controller, as the user interacts with the view to modify the 

stored data. However, it is also similar to the conventional 

concept of view as it dictates what data is presented to the 

user. The template controls how the data is presented. 

For our Django model, we store each bread option available 

to the user as individual bread objects. The bread options 

can be created and modified through the Django admin 

page. We also model each bake instantiated by the user as 

bake objects. The current implementation assumes that only 

one bake occurs at one time, as there is only one 

breadmaker. All data is stored in a SQLite database, 

managed by Django. Figure 11 is an entity-relationship 

diagram representing this model. 

The Django views define the behaviour of the web 

application from the user’s perspective and define the web 

API with which the Arduino interacts. The views are 

created atomically so that each view performs one action, to 

reduce the number of dependencies between views so that 

they are easier to modify and maintain. The console and 

menu views define the two main interfaces that the user 

sees. The console view retrieves from the database and 

displays the state of the current bake object, while the menu 

view retrieves the possible bread options and displays them 

in the menu interface. A send view retrieves the data from 

the HTML form in the menu view when the form is 

submitted, when a POST request is sent from the front-end 

to the server. This formats the form data into a bake object, 

which is then stored in the database. The bake view is 

intended for use by the Arduino, retrieving the necessary 

current bake information when the Arduino sends a GET 

request to the server. The data sent to the Arduino is kept 

minimal to reduce the processing and memory required. 

Lastly, the delete view simply removes all current bakes 

from the database upon request. 

The Django templates define the formatting of the data 

displayed from the view. The breadmaker interfaces were 

created using HTML and CSS, using the previously drawn 

interface wireframes and mockups as guidelines. Using 

pure HTML and CSS was reasonable as the interfaces were 

not very complex and provided more design flexibility 

compared to using a framework such as Bootstrap. 

JavaScript is used to add additional front-end processing 

where necessary, such as calculating the remaining time 

dynamically for the countdown timer in the console 

interface, menu transitions, and adding animations to the 

menu interface. The animations were hand drawn and 

edited in photoshop, as seen in Figure 12. They were put 

together using online gif makers, which loop together the 

individual hand drawn images. Hand drawn gifs were 

preferred over video animations as they fit the aesthetic 

style of the interface better. 

Arduino program 

The Arduino program polls the web server at regular 5 

second intervals to retrieve commands from the user; the 

user modifies the state through the application and the state 

is stored as the current bake object on the server. The 

program then performs the necessary commands to adjust 

the machine state. Performing a command is done by 

triggering a series of button presses. The relay switches in 

the circuit mimic the push button by closing and opening 

for a 300ms interval, equivalent to the button being held 

and released. While the machine is making bread, the 

Arduino program continues to poll the web server to 

observe any changes in state, such as if the user cancels the 

program. Programming the Arduino required the mapping 

out of the system’s finite state machine. 

The exploratory study design requires different motion cue 

conditions, where the user perceives the breadmaker 

kneading and being stationary. These are created by 

switching between existing programs on the breadmaker. 

For instance, the rapid setting on the existing breadmaker 

starts with a period of kneading, whereas the basic setting 

starts with a period of rest. To create the kneading condition 

but keeping the breadmaker program close to the same, the 

Arduino first triggers the rapid program, and after a brief 

delay switches to the basic program. The Arduino program 

therefore automatically switches between existing 

breadmaker programs during the making process, in order 

to create custom breadmaker programs for the study. 

  

Figure 12: Animation frames drawn in Adobe Photoshop 

Figure 11: Entity-relationship model of data stored on web 

server 
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5. STUDY METHODOLOGY 

Theory 

This study can be viewed as exploratory research as it is an 

early foray into a relatively unstudied area and research 

topic [40]. Furthermore, the study is the first use of the IoT 

breadmaker and is therefore used to evaluate the reliability 

and practicality of the breadmaker. The results of this 

exploration are therefore primarily used to discuss how the 

design of similar IoT prototypes and the study design could 

be improved, which can guide a future, more focused study. 

The experiment has two primary research questions. The 

first question is to evaluate the effect of motion cues on 

participant’s judgement of the bread and breadmaker 

performance. The breadmaker prototype runs different 

programs which will show users the presence or absence of 

motion cues. This is motivated by prior research which has 

shown that seeing motion and animacy from automatic 

systems can lead to bias regarding the system performance 

[10]. 

The breadmaker prototype in this study allows us to run an 

exploratory investigation of whether there is a similar effect 

from perceiving the motion of the breadmaker, and whether 

the bias translates to the kitchen context through 

judgements of food taste and device performance. Studying 

this context is valuable to observe whether the effect from 

motion persists when the movement of the system is not 

directly related to the system performance. That is, bread 

making is not necessarily better when there is more 

movement from the system, whereas the movement of the 

Roomba should directly improve room cleanliness. 

Furthermore, it provides the opportunity to measure a 

different value for performance; users can examine if the 

taste and feel of the bread is better, rather than limiting their 

judgements to what they can see. 

The second question of this study is to learn about the use 

of an Internet-of-Things device in an ordinary kitchen 

environment. In this sense, the exploratory study is similar 

to a field study, aiming to investigate the interaction within 

a natural context [36].  A questionnaire and semi-structured 

interviews are used to collect qualitative data regarding the 

user experience of the breadmaker system, general IoT 

devices, and the efficacy of motion cues within the system. 

This can inform understanding of user perceptions of 

automatic, IoT devices, and provide more breadth of insight 

into any bias at effect. As the study is exploratory in nature, 

it is not set up to be large enough in scale to provide 

statistically significant results using quantitative 

judgements of system performance and bread of taste, nor is 

it long enough to collect the full breadth of data possible. 

However, the qualitative judgements offered from the 

participants can help to set up whether the concept of this 

study is valid enough to extend into a greater scale. 

Participants 
Participants were recruited from the Human-Computer 

Interaction masters course. This was primarily done for the 

ease of running the study. Since the study was spread over 

two days per participants on the university campus, it was 

more reasonable to find participants who were already at 

the university. As a result, participants all had high 

computer literacy and a reasonable understanding of the 

field of HCI. Participants all had varying experience of 

using breadmakers and baking, which can be viewed in 

Table 1. As they would be working in the kitchen and 

eating bread, care was taken to ensure that participants with 

specific food allergies were able to take part in the 

experiment. Participants were unfamiliar with the specific 

research done in the area, so as not to bias the results of the 

study. 

Material 

The study was run in a kitchen situated next to a communal 

area within the engineering department of University 

College London, seen in Figure 13. This area was picked 

for convenience, minimising the time taken for potential 

participants to commute and allowing the device to be set 

up in a single central location.  

All cooking equipment and ingredients was provided to 

participants, to make the study process more efficient. This 

included a digital scale, a set of cutlery and a bread knife. 

Using the same equipment for every bake was necessary to 

remove other potential sources of bias regarding the quality 

of bread made and the breadmaking process. Similarly, care 

was taken to use the exact same ingredients where possible. 

In the case where a participant could not eat dairy, an 

alternative recipe was provided for both their bakes. 

A smartphone with a voice recording app was used to 

capture audio during the entire process. Participants used 

their own smartphone devices to access the breadmaker 

web interface. This was necessary to keep the realism of the 

scenario and encourage participants to use the web 

Table 1: Participants and their levels of experience with 

baking and breadmakers 

 

 Age Gender Baking 

Experience 

Experience 

with 

Breadmakers 

P1 38 M High High 

P2 26 M None None 

P3 23 F Low Low 

P4 25 F High Medium 

P5 23 F Medium Low 
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interface, giving them ownership of the breadmaking 

process.  

A Google Form survey was created for recording the user’s 

judgement of the resulting bread. Questions concerned the 

breadmaker performance, their user experience, and the 

factors which had contributed to their judgements. The 

standardised format of Google Forms and convenience of 

use made it a suitable choice for the quantitative analysis of 

data. The survey and follow-up interview questions are 

provided in the appendix. 

Procedure 

Participants arrived at the kitchen and were briefed about 

the study procedure. Participants were also provided with 

an information sheet summarising the same information. 

The information sheet can be found in the appendix. The 

investigator was present to assist with guiding the 

participant through the process and to answer any questions 

about the study. The research question regarding motion 

cues was withheld from the participant until the end of the 

study, to avoid the participant being conscious of the bias. 

Participants accessed the web interface for the breadmaker 

on their own devices. They followed the information sheet 

recipe to put in the ingredients for bread into the 

breadmaker machine. They then used the web interface to 

start the breadmaker program, selecting either program A or 

program B. Program A was the condition for motion, which 

started with a 3 minute period of kneading, before 

switching to the regular bake and a period of rest. Program 

B was the no-motion condition which is the regular bake 

that starts with a period of rest. The two programs should 

produce near-to-identical loaves, which was confirmed in 

pilot runs of the experiment. The investigator made sure to 

show the participants that the machine was kneading the 

dough, by lifting the lid of the machine. This was to make 

more prominent the perception of motion. Additionally, the 

web interface for program A displays the cartoon 

animations for each stage of the breadmaking process, 

while program B does not. This is to investigate another 

aspect of motion, through animated drawings.  

Participants were informed of the approximate breadmaker 

finish time so that they can accordingly plan their day. This 

approximate time is displayed on the web interface, along 

with the current stage of the breadmaking process. 

Participants were asked to provide phone numbers so that 

they could be notified by text message when the 

breadmaking process was finished. The messages were sent 

using an automatic text messaging service, with the sender 

‘breadmaker’, in order to present the message notification 

as part of the IoT system. This was not directly 

implemented into the system as the phone numbers could 

not be stored for ethical and security purposes. Participants 

were then free to leave until the return time. Participants 

were not instructed or required to continue looking at or 

using the web interface. 

Participants receive the text message when the breadmaking 

process finishes. The message instructs participants to open 

the web interface and confirm their collection of the bread, 

during which they see a further animation in the motion 

condition. When participants returned, they opened the 

breadmaker themselves and took out the finished loaf. 

Participants were given freedom throughout this process to 

operate at their own pace and self-direct their behaviour, 

provided they adhere to the ingredients. This is to increase a 

sense of ownership which could increase their judgement of 

the bread and breadmaking process. It was also to keep 

participants in a natural environment, which increases the 

ecological validity of the study. Participants cut a slice of 

bread from the loaf using a bread knife, and tasted the 

bread; they eat as little or as much of the bread as they 

want.  

Participants were then instructed to open the Google Form 

survey. The survey consists of short questions which ask 

the participants to rate the taste of the bread, the 

performance of the breadmaker, and the breadmaking 

experience. Participants were also asked to give the reasons 

which influenced their judgements. Participants repeat the 

entire process twice, to test program A and program B. The 

two studies were performed on separate days due to timing 

constraints; the process usually took 5 hours per bake. 

These two bakes were kept to mostly consecutive days in 

order to make it easier for participants to remember their 

impression of their previous bake, although naturally, for a 

more optimal comparison it would be better for the two 

breadmakers to be used simultaneously. The order of 

program A and program B is counterbalanced to 

compensate for possible recency biases. After the 

participants’ second bakes, they are given the additional 

question to compare the two loaves. Furthermore, 

participants are asked semi-structured interview questions, 

regarding their perception of the bread loaves, the 

breadmaker, general IoT applications in cooking, and the 

role of motion. 

Figure 13: The kitchen setup for the experiment 
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Analysis 

Participants’ judgements of the breadmaking process and 

the taste of bread were measured using scale ratings from 1 

to 10. These values are analysed using the Wilcoxon signed 

rank test because the set of values are ordinal and the 

observations are repeated measurements. Participants were 

recorded throughout the study, including the interview at 

the end. The recordings were transcribed and analysed 

using principles from grounded theory and thematic 

analysis [2]. Transcriptions were coded and affinity 

diagrams were created to cluster codes into themes. The 

resulting analysis after the first 3 participants were used to 

guide the interview questions for the latter participants 

 

6. RESULTS 

There are both qualitative and quantitative elements to this 

study; participants completed two short surveys during the 

process and a semi-structured interview after the 

breadmaking sessions. The design of the experiment is 

exploratory, as this was the first usage of the device and a 

first foray into the research question. Therefore, the results 

help to better understand the research questions being 

examined and establish the practicality of running further 

similar studies with the IoT breadmaker. 

Interview results 

This section presents the themes that were produced from 

thematic analysis of the interviews with participants. The 

semi-structured interviews included general questions 

regarding participants’ overall experience and impression of 

using the breadmaker and the bread produced. After 

applying thematic analysis to the first 3 participants, the 

resulting themes provided a more focused direction for the 

interviews of the latter 2 participants. The themes are: how 

participants perceived motion cues within the system, the 

challenges in forming judgements about the bread 

produced, and participants’ experiences of using an 

internet-connected kitchen appliance. 

Theme 1: Attention to motion cues 

There were two aspects of motion which were varied 

between the study conditions: the presence of animations 

within the web user interface, shown in Figure 14, and the 

presence of the motion of the breadmaker when kneading 

the bread dough. These were together presented to users as 

two alternative breadmaker programs being tested. 

However, participants’ ability to recognise the differences 

in motion between the conditions was varying and 

inconsistent: 

P3: I guess the difference is in the mixing and waiting 

sessions. I didn’t notice a difference in the program. 

P4: I think it’s the lack of pictures, but I’m not sure. And in 

the machine, it’s the order of stages? I really don’t know. 

P5: I didn’t see animations in the interface today... Is that 

right? But I prefer to look at the animation, I don’t like 

reading plain text.  

Some participants were more proactive in looking for the 

differences and were more able to notice the differences 

within the experiment. This could be affected by a variety 

of factors, such as participants’ curiosity, alertness, and 

enthusiasm for participation. Additionally, the way in 

which participants understood and processed the motion 

cues was discussed. When participants noticed the changes 

in motion, an association between the different breadmaker 

programs and motion was generally not made. For example, 

some participants interpreted the removal of motion cues as 

unintentional alterations or a bug in the interface: 

P4: I didn’t see pictures today, I don’t know if that was a 

mistake or deliberate. 

P3: I noticed the animation at the time, but I forgot it again. 

I don’t know if you just changed the program yesterday 

evening [to cause the differences]. I don’t relate it to the 

program used. 

P2: I knew on the first day it was kneading. But maybe it’s 

kneading, and then heating up. What is the point of seeing 

that? 

As P2 considered the stage unimportant to the task of 

making bread, he was not attentive to the animated stage 

and did not notice the differences in motion. P3 similarly 

forgot that the difference existed after noticing it. The 

interpretation of the change as a bug or inconsistency could 

prevent participants forming the mental association between 

motion cue and program. Conversely, some participants 

appreciated the additional animations and stated that they 

improved the look and feel of the interface, as well as 

helping to form a connection between the interface and the 

bread being made: 

Figure 14: Differences within the interface between programs A 

(left) and B (right) 
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P1: The interface is a lot more refreshing [with animations] 

I enjoyed how I could see in my cellphone what was going 

on, I felt like I could see what was happening, though I 

know it is a kind of illusion. 

P4: Seeing the kneading doesn’t affect the taste of the bread 

but it affects the overall user experience. Maybe through 

the animations you think you are seeing the bread. I think 

you want to see if it is working properly. It just makes you 

trust a bit more. 

P5: The animations are very vivid. Because [otherwise] I 

don’t know what happens in the black box.  

It was commented that the animations contributed to 

“seeing” and understanding what was happening inside the 

machine. Differences in animations on the web interface 

were far more easily noticed than the physical differences 

in the breadmaker operation, where in one program the 

breadmaker begins with kneading and in the other the 

breadmaker begins with a period of rest. After the 

conditions were revealed to participants, some participants 

argued that the physical motion cues were not made very 

noticeable, or that they had not directed their attention to it. 

Participants generally described the breadmaker as 

operating quietly and with the inside obscured and hidden; 

the term ‘black-box’ was used multiple times: 

P4: I liked my boyfriend’s breadmaker more because it had 

a little window and you could see the bread rising. 

P1: I don’t think participants will experience the difference. 

Not with this kind of machine. It is quiet and you can’t 

really see it moving.  

P5: I think yesterday there was no reaction when I pressed 

start. But today there was a sound like ‘beep beep’ 

(Investigator: There was sound yesterday) … Oh okay. Well 

I think today was more smooth and it reacted quicker. 

P5 linked hearing the sound of the automated button 

pressing to the inclination that the breadmaker was 

operating more smoothly and quickly, despite it being the 

no-motion condition. P5 did not notice the sound the first 

time round, similarly depicting how aspects of the 

autonomy were sometimes obfuscated. How noticeable 

these cues are could also be influenced by the novelty of the 

system to the user, as participants who had previously seen 

breadmakers were less impressed by the basic operation of 

the breadmaker. 

Theme 2: User experience of the IoT breadmaker 

In the study, participants interacted with the breadmaker 

through the web application in order to follow the 

breadmaking process. Participants were given ownership of 

the process performing all actions themselves; Figure 15 

shows 2 participants during their breadmaking sessions. 

During the machine operation, the application showed the 

user the current machine state and the time left. The system 

would then notify the participants of completion through a 

text message. Participants discussed their thoughts on this 

interaction with the system and subsequently, their 

impressions for the potential of internet-connected devices 

in the kitchen context. Firstly, the usefulness of the 

notifications was debated among participants: 

P2: I just remembered the time [for completion], which 

made me more conscious to look for the text message. I 

noticed them within ten minutes. I always constantly use my 

phone. 

P1: I mentally calculated 4 hours. I checked [close to the 

finish] to understand the exact time. You could do the same 

with a timer. With some machines, the time can change 

depending on the process, that information could be sent to 

me. 

P5: When it is making bread, I can do other things. The 

interface can notify me when the process is finished, better 

than just waiting by the machine. I seldom check my 

messages. I won’t pay attention to texts, I would pay more 

attention to the interface.  

Participants were generally able to remember how long 

before bread completion after observing the timer once or 

twice, and therefore tended to be aware of the approximate 

end time without the notification. Furthermore, different 

phone usage habits between participants meant that the 

message was not always successful at notifying 

participants. It was suggested that a more dynamic use of 

the timers, such as a timer that adapts to user preferences 

and actions, could improve the practicality of the system: 

P2: I want to know a few minutes before it completes. 

Maybe they should provide different timers, like when to 

pick it up, or when it has cooled down.  

P3: I’m thinking if I can have like a delay setting. Because I 

need to be here to get started.  

Figure 15: Participants during the experiment, making the 

bread (left) and seeing the result (right) 
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Fitting the system to the users’ behaviour and making the 

interface seem smarter was a common direction for 

discussion of the potential of IoT systems. This could be 

interpreted as improving the ability for the system to 

“understand” the user. Participants also discussed the 

inverse - how the system could provide more information or 

more interactions to be more understandable to the user: 

P4: I think there is lots of potential. Kind of just to assist 

you in the kitchen. Things that can help me keep track, 

switch itself off when it reaches a certain degree of 

“cookedness” or temperature.  

P5: Maybe a voice that can give you instructions, like “add 

water”. Maybe an interface to distinguish between the 

ingredients and see how much there is. [...] Somehow this 

[prototype] machine has some personality. It is hard 

working, I pitied it. I think because this machine gives me 

notifications. 

P4 suggested that the system could be more proactive in 

providing more data and sending reminders. P5 described 

how the notifications had improved her perception of the 

system and also their belief that a voice interface could 

improve interactivity. There were a range of opinions on the 

amount of data which should be displayed within the 

interface. Some participants stressed that they wanted the 

process to be as efficient as possible, while other comments 

suggested that more information and detail could help the 

user experience: 

P2: I wouldn’t say it is enjoyable, it’s just not a hassle. If I 

want to buy an appliance I want to make it as easy as I can. 

I didn’t check the web application because I don’t know 

what the process is for making bread. I just want the bread 

to finish, I’m not interested in the process. 

P5: I want the temperature and more data. According to my 

mum, it is important. Like when you make each bread, you 

can learn under which conditions you can make the best 

bread.  

P4: I think it depends on how much you like cooking. I do it 

quite a lot. And also how much time you have on your 

hands. For my mum, for example, cooking is really boring 

and she would want stuff done as quickly as possible.  

P4 expressed how there could be a possible tradeoff 

between the efficiency of the cooking process and the 

informativeness of the system, which could vary depending 

on how much a user enjoys the process, and how much they 

desire to manage the smaller details. 

In terms of evaluating the breadmaker, a frequently-made 

observation was that there was limited interaction with the 

web application during the experiment. Participants used 

two similar settings within the interface, only changing the 

program condition from A to B, which was intentional in 

the experiment design to make the experiment more 

feasible to conduct within the time frame: 

P3:  I would like to discover more about the app. I just 

followed the instructions and I had no chance to choose 

another type of bread. 

P2: All I did was select start. Mostly I was looking at the 

instruction sheet. It is not a complicated process. 

Participants suggested that to make a more thorough 

judgement of the system, they would like to have more 

control. The brevity of their interaction made it harder to 

form a judgement or perhaps made the system look less 

capable and less autonomous.  

Theme 3: Challenges in forming judgements about bread 

It was difficult for participants to form an accurate 

comparison between the two breadmaking programs for 

many reasons. A major factor was that, as participants used 

the programs on two separate days, their behaviour changed 

across the days in both intentional and unintentional ways. 

Figure 16 shows the inconsistency in the quality of bread 

produced. 

P5: Maybe my procedure was different. I was more 

experienced [the second time], so I was much quicker. Not 

like yesterday, I took a long time. I was more confident. 

P4: I put in less salt today because I thought it was too 

salty yesterday.  

Figure 16: Pictures of two separate bakes showing inconsistent quality of bread made 
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P1: I cut it in a bad way this time. I only have the memory 

of the last one, so it’s hard to tell.  

For example, participants frequently described how they 

may have added too much or too little of an ingredient by 

accident, or that they subconsciously adjusted their 

behaviour based on how they wanted the loaf to taste. 

Participants also described how their reliance on memory to 

form comparisons also limited the precision with which 

comparisons could be made. Additionally, the range of 

different factors used to describe the loaves made it 

challenging for participants to form a single conclusive 

judgement: 

P3: The smell for the bread was better yesterday, but the 

texture today is better than yesterday.  

P5: The density is more like one from a bakery. The smell is 

stronger and the taste is better. Maybe it’s drier than 

yesterday. 

There were a wide range of differences noticed between 

loaves, even though the loaves should have been near 

identical using the same process and ingredients. Factors 

such as the way the bread was cut, the room temperature 

and participants’ appetite could all have influenced 

participants’ momentary judgements of the overall result. 

Lastly, prior experience with breadmakers and the order of 

conditions were both influential for participants’ perception 

of the result. 

P3: For the whole experience, yesterday was more exciting 

as it was the first time. 

P1: I have a similar machine at home, I really love baking. 

It was not particularly impressive. I don’t really have a 

strong feeling about this experience. 

The novelty of the system to the participant was again a 

factor in their enjoyment and enthusiasm, which 

subsequently affected their judgement. Increased familiarity 

with the system could also change user behaviour during 

the two conditions, such as working faster or with more 

confidence. 

Survey results 

The survey consisted of 3 questions with an ordinal rating 

scale, as well as 3 additional open-ended written questions 

which ask for the factors supporting participants’ ratings. 

The ratings, of bread quality, enjoyment and user 

experience, were analysed using the Wilcoxon signed rank 

test, appropriate because of the ordinality of the scale and 

the repeated measures of the observations. While the results 

are not statistically significant, the small number of 

participants for this study means statistical analysis is 

unsuitable regardless. Figure 17 shows one set of ratings 

across the 5 participants, for the taste of the bread. A is the 

motion-condition and B is the no-motion condition.  

The open-ended questions regarding the factors which 

influenced participants’ ratings, had a wide breadth of 

responses. These responses were collapsed into categories, 

counting one mention of each category per response.  

Figure 18 shows the various factors which contributed to 

participants’ judgement of bread, the breadmaker, and the 

user experience. This set of results perhaps illustrate what 

participants paid more attention to during their evaluation 

of the bread and breadmaker system.  

Figure 17: Survey ratings for the taste of loaves across 

conditions 

Figure 18: Factors which contributed to judgement of bread 

(top) and breadmaker (bottom) 
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7. DISCUSSION 

In this thesis, we present an Internet-of-Things breadmaker 

and demonstrate its use in a short exploratory study. The 

breadmaker system was implemented for studying 

interactions with an autonomous, actuated, IoT device in 

the kitchen environment. The primary contribution of this 

work has been the implementation of the device, which can 

be used for studies of autonomous interfaces in their natural 

environment of use and within the novel kitchen context. 

The breadmaker overcomes some limitations of previous 

studies, which observe behaviour in only controlled 

laboratory environments or use wizard-of-oz methods to 

emulate smart device behaviour within study conditions 

[10]. 

Though there have been previous studies investigating 

technology and food, in the fields of food science and 

persuasive technology [9,24,50], it is still a relatively 

unexplored area. In particular, the interaction with smart 

devices in the kitchen and during the act of cooking 

contains many unknowns related to user perceptions of 

autonomous systems which require further investigation. 

While making food, users form judgements using a 

combination of senses, and not only through vision as with 

previous studies. There is also increased room for 

subjectivity in user judgements, which can be seen in the 

range of responses given in the results. The increased 

subjectivity of the responses provokes more discussion 

around reactions to the device, more so than with 

appliances which produce expected and standardised 

answers such as washing machines. Cooking is also a time-

consuming and regular process in which the user is 

frequently occupied and interacting with their surroundings 

throughout the process. This increases the complexity of 

requirements from assisting autonomous agents, and 

introduces more variables which can affect user satisfaction 

with system performance. Overall, these factors contribute 

to the increased need for prototyping smart devices within 

the kitchen environment, and the IoT breadmaker has one 

demonstrated one such direction for investigative devices 

which can be used in research.  

The use of the breadmaker in the 2 week study has shown 

that the breadmaker functions reliably as intended. The 

breadmaker fulfils the technical requirements which allow 

it used as a realistic IoT device within a field environment. 

The system has been shown to be capable enough such that 

it can enable further similar studies with minimal 

adjustments, and also provide a significant stepping stone 

towards a more refined iteration. Furthermore, the 

independence with which participants can use the device 

implies that the IoT breadmaker could conceivably be used 

in a longer-term field study with minimal supervision from 

investigators, such as the observation of usage patterns of 

the device over a one week period in a home environment. 

It is feasible to extend the IoT breadmaker for further 

studies as the hardware implementation of the breadmaker 

is simple and documented clearly. The web integration of 

the device using the Django web framework is extensible 

and provides a quick way to prototype different interfaces. 

The implementation direction of the breadmaker could also 

be emulated for further autonomous devices in different 

contexts; for example, the pattern of modification within 

the existing device interface using Arduino could be 

extended to similar interfaces, and is advantageously a 

relatively cost-efficient and reliable way of controlling the 

system remotely. However, there are limitations to the 

amount of processing available from an Arduino, and the 

additional circuitry required could be too bulky for smaller 

devices. Furthermore, this implementation direction did not 

allow for the modification of the existing circuitry within 

the original device, therefore limiting the complexity of the 

possible modifications. It is arguable then that the 

implementation direction for the IoT breadmaker sacrifices 

potential complexity for ease of modification and lower 

costs. 

Implications from exploratory study 

The study was primarily an evaluation of the use of the 

breadmaker, yielding insights into the efficacy of the 

device, and its strengths and limitations for conducting the 

study. Additionally, through performing the exploratory 

study, we were able to evaluate the study methodology, 

informing how the study could be adjusted and extended in 

future work. While these were the primary results, the study 

secondarily created discussion around potential cognitive 

biases during the process, how users’ perceived motion, and 

the user experience of IoT.  

Challenges of investigating biases 

The study was designed to examine the bias effects caused 

by motion from Garcia et al., but within the kitchen 

environment [10]. Furthermore, the study was intentionally 

split across two days to mimic a more realistic usage pattern 

of the device, baking two different loaves in different 

sessions. However, from the results it is evident that there 

are many factors which make this experiment design 

unrealistic. Participants behaviour can vary greatly 

affecting their day-to-day operation. This both changes the 

quality of bread made between bakes and their judgement. 

For example, participants can accidentally add too much of 

one ingredient or have less appetite for eating during the 

evaluation stage of the study. In order to compare two 

loaves while controlling all other variables, it is necessary 

for the bread and breadmaker to be used simultaneously, 

which contradicts with the aim of situating the study within 

a more natural context. Participants were given ownership 

of the breadmaking process; aside from following the 

instruction sheets, all behaviour was self-directed. The 

study was conducted in a relaxed setting, with the aim of 

making the scenario more similar to a comfortable, home 

environment. The results highlight that in this context, a 

broad range of variables would cause variance within 

participants judgement of the bread produced, being 

counter-productive to measuring the effect of bias. This 
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shows that there is a tradeoff to the amount of ownership 

given to the user within this study, and the control provided 

to the investigator in making measurements within the 

study.  

For measuring potential biases caused by motion cues, the 

direction of further work could be to use the IoT 

breadmaker within a more controlled lab environment. Such 

an experiment would require considerably more participants 

and the experiment design should be adjusted to consider 

the confounding variables which have been discussed from 

the results. An alternative direction could be to use the 

device within a field study. In this case, the focus of the 

study would be more concerned with how interactions 

differ within this environment and over a longer time 

period. This is perhaps more aligned with the original 

motivation of creating a device, which was to enable studies 

in the wild. 

Awareness of motion cues 

From a user experience perspective, the results suggest that 

the animated motion cues make the experience more 

enjoyable for the user and help them to better understand 

the state of the system. This agrees with previous work that 

show how motion can improve user judgements of system 

performance [10,44,45]. However, the physical motion cues 

were not always noticed by the participant. This is a 

drawback of the particular breadmaker which was modified, 

possibly being a quieter option and with no windows for the 

participant to observe the motion while closed. 

Additionally, while the animations within the web interface 

were more obvious to participants than the physical cues, 

the presence of the animations was not always linked to the 

program design. This could affect whether participants are 

affected by any framing bias, and a more controlled study 

should perhaps try to make this connection more prominent. 

An issue with making motion cues more prominent to the 

user could be that conditions within a study become salient 

to the participant, thus creating demand characteristics 

which bias participants’ responses [32]. However, if too 

subtle, the motion cues could be entirely unnoticed. The 

problem is arguably that the study design currently requires 

the participants to believe the lie that the two programs 

produce different loaves, so that the motion cues are treated 

as a natural part of the process and not the experiment 

condition. A more controlled lab study could try solving 

this issue by ensuring that participants do direct their 

attention to the motion cue, but also alter the design of the 

system such that the motion cues are a more subtle part of 

the two different breadmaking programs. It is also 

interesting to note that participants may be more able to 

notice the addition of motion cues rather than their removal 

[5]. This effect is related to change blindness and would 

make the order of conditions a confounding factor 

regardless of the order being counterbalanced. It is also 

possible that motion cues would become gradually more 

ineffective over time as they become less novel to the user, 

which is another possible direction for a longer field study. 

Impression of IoT system 

The use of the breadmaker in this study was not dissimilar 

to that of a probe in HCI research, being used to gather data 

during the process of making bread and provoking open 

thoughts and responses of wide breadth [11]. The 

interviews opened discussion on what aspects of smart and 

autonomous systems would be appreciated, and how data 

should be presented or abstracted from the user. In general, 

participants wanted a smarter system that is more able to 

adapt to user behaviour. Participants wanted the system to 

know more about the user and the surrounding situation, 

personalising the functions within the device. For example, 

the suggestion of dynamic timers which automatically 

adjust to a person’s day to day behaviour or what they are 

cooking. As some participants noted, these features could 

be presented as a more assistant-like agent and could be 

accompanied with more human-like qualities, which would 

perhaps be more impressive to the user [44]. However, as 

past research has shown, personalisation has the risk of 

lowering user satisfaction if misaligned or misunderstood to 

the user [49]. It could be interesting to investigate how 

personalisation within the cooking process could change 

user satisfaction with the system and also with the resulting 

food. 

While autonomous systems can perform more tasks for 

their users, participants noted the importance of maintaining 

control over the process, not taking away from the natural 

ownership of the food which the cook has. This could be 

interpreted as a tradeoff between the feeling of ownership 

over the cooking process and the system autonomy to 

improve the efficiency of the cooking process. One solution 

could be adaptive autonomy: to vary the amount of system 

autonomy depending on the user needs [8]. Similarly, there 

was also a continuum of opinion regarding how much data 

should be given to the user. Some participants discussed 

their desire for more data provided to them by the system, 

such as the temperature of the food, which could improve 

their experience through informing the cooking process. 

Conversely, some participants had the view that they 

wanted minimal data where possible, prioritising the 

efficiency of the process and putting less attention towards 

the devices used. This could depend on participants 

personality and how much they care and enjoy the cooking 

process, a factor which is unique to the kitchen 

environment. Adapting the level of information and system 

autonomy based on individual differences could be an 

implementation direction for a smarter prototype, and as 

previous work has shown, could affect how the user 

perceives the capability of the system and judges its 

performance [21]. 

Limitations  

The exploratory study was only conducted on 5 

participants, due to the limited timeframe in which the 
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thesis was written. Many more participants would be 

required to reach a sufficient number for quantitative data 

analysis, to see the effect of any biases. More participants 

would also considerably improve the breadth and depth of 

the qualitative findings, as the point of “data saturation” 

was not yet reached [13]. The variety of participants could 

also be improved; in the study, participants were all 

students from a university human computer interaction 

course, and so could have an above average impression of 

technology. Through having basic knowledge of the field of 

study, it is possible that participants were more easily able 

to anticipate the experiment conditions leading to a type of 

response bias [32], or had discussed elements of the 

experiment with each other, limiting the breadth of 

findings. The extent to which the findings from interaction 

with the breadmaker can be applied to other systems is also 

debatable. Interactions with different types of kitchen 

appliances may employ different cognitive and physical 

requirements, and may be more or less engaging to 

participants. Care should be taken in the extent to which 

findings from the breadmaker can be extrapolated to 

general smart and autonomous systems. 

 

8. CONCLUSION 

Through the design and implementation of the Internet-of-

Things breadmaker, the main contribution of this thesis is 

the creation of the device and accompanying web 

application, which can be used in further work concerning 

interactions with autonomous interfaces. Implementing the 

prototype overcomes the limitations of previous studies 

which lack ecological validity. The choice of using a 

breadmaker for modification allows for studies within the 

kitchen environment, which is a novel area within the field. 

The existing interface on the breadmaker was connected to 

an Arduino, allowing it to be interfaced through the web 

application. The implementation method for the IoT 

breadmaker demonstrates a cheap and simple method for 

creating internet-connected devices that can be adapted for 

other studies. 

The IoT breadmaker was deployed in an exploratory study 

which has demonstrated the reliability and capability of the 

device. The exploratory study also highlighted the possible 

challenges faced when examining biases and motion cues 

within the kitchen environment. This includes the factors 

contributing to the variance within user judgements of 

system performance and the difficulties with making the 

motion cues noticeable to the user. These results can inform 

the experimental design of a future study in the area. 

Additionally, the use of the breadmaker as an investigative 

probe has raised discussion on the design of autonomous, 

IoT interfaces. Participants’ thoughts on the amount of data 

presented to the user and the desired levels of autonomy 

within the system could both guide future iterations of the 

prototype and offer potential direction for further study. In 

its current state, the breadmaker can be incorporated into a 

further study of a greater scale and it can be 

straightforwardly extended or adapted to a more focused 

research question as necessary. 
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APPENDIX 

Breadmaking Instruction Sheet 
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Google Form Survey  
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Semi-Structured Interview Talking Points 

 

Describe your overall experience of making the two loaves of bread. 

 

What are your thoughts on the web application?  

How was your experience influenced by the web application?  

How would you improve the web application? 

 

What are you thoughts on the taste and quality of the bread made? 

How did the two loaves compare to each other and why? 

 

What do you think the difference between the programs are?  

What were the differences within the web application? 

What differences did you notice within the machine? 

 

Other thoughts? 

 
 


