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Summary

2

The evolution of the automated driving industry liberates users from driving tasks, thus creating 
more time for Non-Driving-Related activities (NDRAs), thereby transforming the car from a 
mere mode of transport to a mobile activity platform. This shift presents two main challenges: 
predicting the type of activities passengers will engage in within the automated cars and 
adapting the car’s interior design to accommodate these activities. This project tackles these 
challenges with a focus on comfort, ergonomics, and user activity, promising valuable insights 
for the interior design of future automated vehicles.

A rigorous review of literature spanning 2014 to 2023 was conducted, with a focus on NDRAs 
in automated vehicles. The review retrieved 2315 papers from various databases, from which 
47 articles encapsulating 66 cases and 50 types of activities were selected based on strict 
eligibility	criteria.	These	activities	were	then	categorized	into	13	clusters,	with	the	top	five	being	
Entertainment and online activities, Work and productivity, Interpersonal communication and 
interaction, Sleep and relaxation, and Observation and monitoring.

An exploratory experiment was conducted within a simulated automated vehicle environment to 
study	the	ergonomic	and	spatial	needs	of	five	significant	NDRAs.	These	activities	were	the	most	
representative	of	each	of	the	five	main	clusters:	talking	to	passengers,	looking	out	the	window,	
working	on	a	computer,	sleeping,	and	using	an	iPad	for	entertainment.	This	investigation	filled	a	
crucial research gap, providing valuable insights for designing more ergonomic and comfortable 
interiors for future automated vehicles.

The project further leveraged 3D modeling and Augmented Reality (AR) technologies to analysis 
the spatial requirements of users engaging in the identified NDRAs within a Range Rover 
Evoque. The research indicates that the current interior design of the Range Rover Evoque can 
accommodate average-sized (P50) users performing 5 major Non-Driving-Related activities at 
small or medium comfort joint angles, yet struggles to support larger comfortable joint angles, 
particularly for activities such as sleeping, entertainment, or work. The results suggest a future 
design could include slimmer seats and dashboards and potentially transition from a four-seater 
layout to a two or three-seater layout to provide more space for users for activities.

After evaluation of initial concepts for future automated vehicle interior design, I have combined 
their	strengths	and	minimized	their	shortcomings	to	develop	a	final	iteration.	This	design	focuses	
on	flexible	space	allocation	by	 incorporating	a	slim	dashboard	and	thinner	seats	and	can	shift	
between	a	standard	four-seat	configuration	to	a	2	or	3-seater	 layout,	and	include	 independent	
seats, and an adjustable table to cater to various user needs, setting the stage for the future of 
comfortable Non-Driving-Related activities within vehicles.

In conclusion, this project integrates theoretical and practical approaches, focusing on user 
activities and comfort in automated vehicles. The study leaves out considerations of commercial 
viability, manufacturing, and socio-cultural aspects. Future improvements should include these 
factors and align design with commercial and manufacturing realities.
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1.1
Background

The evolution of the automated driving industry has seen growth fast over the past decade, and 
the implications of this progress are far-reaching. The Society of Automotive Engineering (SAE) 
classifies the levels of automated driving into six levels, spanning from Level 0, fully manual 
driving, to Level 5, or Full Automated Driving (FAD) (SAE International, 2021). Each level of 
automation has its unique characteristics and requirements, as illustrated in Figure 1. Market 
predictions suggest that by 2030, an estimated 12 percent of new passenger cars will feature 
Level 3 or higher autonomous technologies, contributing to an impressive revenue potential of 
$300 to $400 billion by 2035, as per a McKinsey analysis (Deichmann et al., 2023).

The safety enhancements, the value of time, and resource optimization brought forth by 
automated vehicles underpin the growing interest and investment in the sector. Research 
indicates that human error plays a significant role in approximately 94 percent of all fatal 
crashes (Chao, n.d.). Thus, by mitigating human error, automated vehicles have the potential 
to dramatically reduce injuries and save lives. Moreover, environment perception, navigation, 
path planning, and other autonomous technologies can equip these vehicles with capabilities to 
enhance	resource	allocation,	improve	road	capacity,	mitigate	traffic	congestion,	decrease	labor	
needs, and even minimize fuel wastage (Bagloee et al., 2016). 

Furthermore, self-driving technology can free drivers from the task of driving, facilitating the 
performance of additional activities that were previously inconceivable when humans were in 
control. And as self-driving cars become more automated, users have more and more time to 
spend on Non-Driving-Related activities (see Table 1 for a detailed explanation). Consequently, 
the role of humans is gradually shifting from drivers to passengers, transforming the vehicle 
from merely a means of transport to a mobile activity platform.

Yet, since there are currently no consumer-available vehicles on the market that genuinely 
achieve Level 3 automation or above, Non-Driving-Related activities that users will engage in 
remain	ambiguous.	This	poses	the	first	challenge	-	determining	the	types	of	Non-Driving-Related	
activities passengers will engage in during their journey.

The transformation in human activities within the vehicle implies an alteration in the vehicle's 
functionality, necessitating a corresponding change in the design of the car's interior. This 
presents the second challenge - determining how the interior of automated cars should adapt to 
accommodate this shift in human activities.

In conclusion, exploring these challenges is a viable way to shape the future of the automated 
vehicle interior. The significance of this study lies in its human-centric approach, focusing on 
user activities within the vehicle. This path of research promises to provide valuable insights 
for the interior design of automated vehicles, derived from user comfort and ergonomic 
perspectives.
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Non-Driving-Related activities

Level of automation (SAE)

Figure 1. Level of automation (SAE)

Table 1. Terminology update

Kern & Schmidt (2009) classified driver tasks in 
traditional vehicles into three types. The primary driving 
tasks encompass all necessary actions to navigate to 
a destination, while secondary tasks, such as using 
a turn signal, support but are not vital to the driving 
process. Tertiary tasks include activities unrelated to the 
act of driving, such as operating infotainment systems. 
As automation increases, the human role transitions 
from driver to passenger. As a result, the importance of 
former primary and secondary driving tasks decreases, 
giving prominence to previously tertiary tasks. To 
mitigate	potential	confusion,	Pfleging	&	Schmidt	(2015)	
recommended categorizing the primary and secondary 
tasks as Driving-Related Activities or Tasks, and tertiary 
tasks as Non-Driving-Related Activities (NDRAs).

Tasks in
manual cars

Primary 
driving tasks

Driving-Related 
Activities

Non-Driving-
Related 
Activities 
(NDRAs)

Secondary 
driving tasks

Tertiary tasks

Updated 
terminology
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1.2
Project Assignment

The advent of automated driving frees users from the constant control 
of the car's steering and shifting, and they have more time for Non-
Driving-Related	activities.	And	these	activities	can	profoundly	affect	the	
comfort of the person when interacting with the vehicle and the design 
of the interior. But because automated cars are not yet available, it is 
difficult	for	users	to	imagine	driving	in	such	a	car	(e.g.,	when	asked	in	a	
survey), and user activities cannot yet be extracted from real-world use 
cases. Many researchers have used online surveys, driving simulator 
studies, participatory design, real-world Wizard-of-Oz studies, etc. to 
find	activities	that	users	would	perform	in	automated	cars.	This	project	
aims to explore activity-based interior design for automated cars, with a 
focus on creating an interior design that enhances passenger comfort 
while engaging in Non-Driving-Related activities during the journey.

To comprehensively understand and tackle this problem, I will focus on 
the following three key questions:

• What activities will users perform in automated cars in the future?

• What is the comfortable range of motion for users to engage in some 
important Non-Driving-Related activities?

• How can I design a new interior layout to support those activities in a 
comfortable manner?
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1.3
Project Scope

Establishing project boundaries is crucial as it guides the design 
process, focusing efforts on key aspects and avoiding unnecessary 
diversions.	Essentially,	it	is	a	vital	step	in	efficiently	transforming	ideas	
into tangible solutions. The research questions for the project are given 
below, along with the parts that are out of scope and the parts that are 
in scope.

Out of Scope:
The influence of social relationships, transition to manual control, 
and the interaction of passengers with elements such as the vehicle 
dashboard or the outside environment are not considered in this 
project.	In	addition,	the	aesthetic	design	of	the	vehicle	and	the	specific	
product design of the vehicle interior such as the seat design are also 
outside the scope of this project.

In Scope:
• Automation level: The project focuses specifically on an activity-
based approach to automated vehicle interior design, concentrating on 
vehicles with levels 4 and 5.
• Users: The project focuses on designing a vehicle interior that would 
facilitate comfortable Non-Driving-Related activities for P50 users 
and allow P95 users to perform Non-Driving-Related activities with a 
minimum of comfort.
• Time horizon: Most of the results show that some Level 4 automated 
cars will reach the market in 2035. Therefore, in this project, I choose 
to specify the time horizon of my project to be around 2035 (see 
Appendix B).
• Car types & dimensions: The dimensions of the Range Rover 
compact SUV Evoque were used for the project, including 55.4 inches 
of shoulder room, a 105.6 inches wheelbase, and a height of 64.9 
inches (see Appendix B).
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1.4
Project Approach

The Double Diamond model, a design approach tool developed by the British Design Council, 
serves as the overarching guide for my project approach. This model consists of four key 
phases - Discover, Define, Develop, and Deliver. Each phase is represented as a diamond, 
where	the	initial	and	final	stages	involve	divergent	thinking	(expanding	thoughts	and	gathering	
information), while the middle stages involve convergent thinking (synthesizing information and 
making decisions).

My project approach, as guided by the Double Diamond model, can be described as follows:

Discover (First Diamond, Diverge): An extensive literature review was conducted to gather 
information about two primary elements: 1) the study design and automation level of each 
research; 2) the potential activities or tasks users might engage in Level 3, Level 4, and Level 5 
automated vehicles.

Define (First Diamond, Converge): Based on the literature review results, I was able to identify 
differences	 in	Non-Driving-Related	activities	(NDRAs)	performed	by	users	at	different	 levels	of	
automation and obtain important NDRAs. Then, an exploratory experiment was launched to 
identify the joint angles necessary for performing those activities comfortably. 

Develop (Second Diamond, Diverge): Using the determined joint angles obtained from 
exploratory experiments, mannequins were constructed to simulate the comfortable range of 
motion for the users when performing important NDRAs, and the space occupation of the 3D 
models was further analyzed to help design the new car interior layout.

Deliver (Second Diamond, Converge): From these, the most promising concept was selected 
and	subsequently	modeled,	signifying	the	final	phase	of	the	approach.

Figure 2. 
My Project 
Approach 
(Double 
Diamond 
Model)
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Chapter 2. 
Literature review
Non-Driving-Related Activities 
in Automated Driving: 
a systematic review

2.1 Background

2.2 Methods

2.3 Results

2.4 Discussion & Key Takeaways
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2.1
Background

With the rapid advancement of technology, automated vehicles have shifted from the realm 
of science fiction and films to becoming a tangible reality. This technological leap presents a 
promising potential to revolutionize transportation by increasing road safety, reducing traffic 
congestion, and providing new forms of mobility to those unable to drive.

However, despite the swift progress in the automated vehicle industry, substantial challenges 
remain. One such challenge arises from the increasing level of automation, freeing up time 
for occupants to engage in Non-Driving-Related Activities (NDRAs) during travel. This shift in 
activity during transit gives rise to a new demand for automobile interiors and transforms the 
vehicle from merely a mode of transportation to a mobile space for various activities.

However, since there are no fully automated vehicles commercially available in the market yet, 
understanding potential NDRAs becomes a complex task as real-world examples are scarce.

To gain insight into this issue, researchers have deployed various methodologies, including 
questionnaires, driving simulator studies, participatory design, Wizard-of-Oz studies, etc. These 
studies aim to ascertain potential NDRAs in an automated vehicle context. However, due to 
variations in participants, research methodologies, and other factors, each study has reported a 
different	set	of	NDRAs,	leading	to	a	lack	of	uniformity	and	consensus	in	the	field.

From my research, there is no comprehensive literature review synthesizing all the potential 
NDRAs in automated vehicles to date. Therefore, this gap in the literature needs addressing, 
and it forms the motivation for the present systematic literature review. This review aims to 
consolidate current literature and provide a comprehensive overview of NDRAs that users may 
engage in within automated vehicles. This understanding could inform future design decisions 
for automobile interiors and contribute to the ongoing discourse in automated vehicle research.

Research Objectives

The primary aim of this review is to identify the Non-Driving-Related activities that users may 
perform in automated vehicles. Accordingly, the review seeks to answer the following questions:

i. What Non-Driving-Related activities do users intend to, or expect to, engage in while in 
automated cars?
ii. What is the likelihood or priority of these Non-Driving-Related activities being performed?

To establish a robust understanding of Non-Driving-Related activities, it's essential to gather 
reliable evidence in a transparent manner. Furthermore, by addressing these questions, the aim 
of	this	review	is	to	offer	 insights	related	to	Non-Driving-Related	Activities	for	guiding	the	future	
automated vehicle interior design.
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2.2
Methods

Information sources and search strategy

The scope of the literature selected for this review spans from 2014 to March 18, 2023, a period 
that is particularly relevant due to the rapid development of automated vehicle technology during 
these ten years. Literature was retrieved from multiple databases including "Scopus", "IEEE 
Xplore", "Web of Science", and "PubMed". The specific search terms used are presented in 
Table 2, and the search was restricted to English-language literature only. 

In total, this approach resulted in the retrieval of 2315 pertinent papers. To ensure a 
comprehensive review, the references cited within the retrieved literature were also scrutinized 
to avoid missing any crucial studies that may not have surfaced in the initial search. These 
papers were subsequently organized and screened using the Rayyan software, a web-based 
application useful for systematic review processes.

Table 2. Databases & Search terms

11



Eligibility criteria and selection process

Studies	were	deemed	eligible	for	inclusion	in	this	review	if	they	satisfied	the	following	criteria:

• The study must engage in an investigation or experiment concerning the diverse types of Non-
Driving-Related Activities (NDRAs) that users are likely or have been reported to perform under 
conditional, highly, or fully automated driving (SAE level 3 and above).
• The participants in the study should have the freedom to select or engage in natural NDRAs, 
as opposed to activities that are pre-designed and mandatory.

The most frequently encountered reasons for dismissal were:

• The activities compiled for the study were observed or surveyed from public transportation 
modes such as trains or buses.
• The study primarily aimed to identify user activities within the scope of manual or partially 
automated driving (SAE levels 0, 1, and 2).
• The research required users to engage in mandatory pre-designed activities for purposes 
unrelated	to	NDRA	exploration	(for	instance,	comparing	takeover	times	after	different	NDRAs).
• The article primarily focused on takeover speed and quality in the context of level 3 automated 
vehicles, instead of the activities that follow takeover behavior.
• The study did not encompass any Non-Driving-Related activities.

The titles and abstracts retrieved from the search were imported into the Rayyan systematic 
review software. One researcher performed an independent initial screening of all titles and 
abstracts. In instances of uncertainty, the decision to screen the full text of an article was arrived 
at by consensus, following discussions with the second and third researchers. For potentially 
eligible studies, the full text was examined by one reviewer, with the second and third reviewers 
offering	advice	to	confirm	eligibility	based	on	study	design	and	analysis	methods.

Data collection process and data items

We devised a standardized data extraction form to systematically collect study characteristics 
(see Appendix C). The extraction process was carried out independently by one reviewer, with 
the extracted data subsequently checked by two additional reviewers. This collaborative process 
allowed for the resolution of discrepancies, ensuring the accuracy and completeness of the data 
extraction.

Key characteristics extracted from each study included:
• Level of automation
• Study design
• Number of participants
• Type of activity

Additional characteristics such as geographical location (country or area) and participant 
characteristics were also collected.

12



Synthesis methods

For the data extraction phase concerning Non-Driving-Related activities, my initial plan was to 
employ meta-analysis as a tool for synthesis. This process would have involved determining the 
weight of each study according to its sample size and grouping similar data sets based on the 
study design and automation level.

However, due to time constraints, I ultimately opted not to proceed with the meta-analysis. 
Instead, I employed a more straightforward frequency-based approach, where I estimated the 
significance	of	each	activity	by	tallying	the	number	of	times	it	was	mentioned	across	the	studies	(A	
study only counts once). 

I meticulously recorded the different types of activities and their corresponding quantitative 
data, which can be found in Appendix C. While the method provided an initial understanding 
of the importance of various activities, I acknowledge that a meta-analysis could refine this 
understanding further in the future, leading to a more accurate ranking of activity importance.

Study risk of bias assessment

Assessing the risk of bias in individual studies is a critical part of conducting a systematic review 
or meta-analysis. This process can help researchers evaluate the internal validity of a study, or 
the degree to which its design, conduct, and analysis have minimized biases.

I undertook an evaluation of multiple quality assessment scales including, but not limited to, the 
Newcastle-Ottawa Scale and the Cochrane Risk of Bias Tool. These tools are predominantly 
utilized to assess risk in experimental, cohort, case-control, and cross-sectional studies that 
necessitate an evaluation of comparability or exposure. However, the studies analyzed in this 
review largely comprise exploratory research into user Non-Driving-Related activities within 
automated vehicles. Consequently, the application of the bias assessment tools above presents 
challenges in appropriately evaluating the study risk of bias.

To navigate these complexities, I turned to the Critical Appraisal Skills Programme (CASP) 
checklist for qualitative research, which provided a more fitting framework for assessing the 
potential bias in the studies under review.
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2.3
Results

Study selection

The literature search and study selection process adhered closely to the guidelines proposed 
by the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA). The 
specific	process	is	shown	in	Figure	3.

Initially,	a	total	of	2,421	articles	were	identified	through	the	search	strategy	given	in	2.2.	After	the	
removal of duplicates, 2,315 articles were left to screen. We selected the titles and abstracts of 
these articles using the eligibility criteria given in 2.2 and excluded 2,097 of them. This phase 
left us with 218 articles eligible for a thorough full-text review. As we progressed with the full-text 
screening of these 218 articles, we found that 180 articles failed to meet our eligibility criteria 
and were subsequently excluded. This left us with 38 articles. We further scrutinized these 38 
articles and their bibliographic references. This comprehensive cross-reference check allowed 
us to identify nine more relevant articles, accounting for 19% of all articles.

Finally, we included a total of 47 articles including one meta-analysis research in our systematic 
review after this rigorous process, providing a strong foundation for our review of Non-Driving-
Related activities in automated vehicles.

Figure	3.	PRISMA	2020	flow	diagram	for	updated	systematic	reviews
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Study characteristics and results of synthesis

Upon meticulous review, we extracted 66 cases and 50 types of activities from 47 studies, 
with	detailed	study	characteristics.	The	eligible	outcomes	were	classified	based	on	the	level	of	
automation and study design, the results were synthesized as follows (n refers to the number of 
cases in each category). See Appendix C for the complete data extraction form.

Table	3.	Different	automation	levels	and	their	number	of	cases

Table 4. Different	study	designs	and	their	number	of	cases

Risk of bias in studies

All 47 studies included in this review passed the Critical Appraisal Skills Programme (CASP) 
checklist evaluation. Detailed scoring for each study can be found in Appendix D. Overall, the 
quality of the studies varied moderately, with scores ranging from 6 to 10 and an average score 
of	8.5.	Predominantly,	 the	risk	of	bias	stemmed	from	selection	bias	due	to	different	participant	
characteristics and diverse study designs across the included studies. Additionally, numerous 
studies lacked a clear explanation for the activities listed, leading to information bias. These, 
coupled with inherent limitations in some study designs, may amplify the uncertainty surrounding 
the	research	findings.	These	issues	will	be	addressed	more	comprehensively	in	the	discussion	
section.
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In an effort to analyze the activities further, I employed a clustering strategy based on their 
relevance (e.g., use of electronic devices, socializing with others, and mainly mental activities 
were grouped separately). The activity clusters formed in this manner allowed me to categorize 
the	vast	number	of	Non-Driving-Related	activities	identified	in	the	systematic	review.

It is important to note that among all the activities, I chose to exclude categories such as 
"doing nothing" and "other" due to the ambiguity associated with what they exactly entail. For 
instance,	"doing	nothing"	activities	in	Pudāne	et	al.'s	study	(2021)	encompassed	looking	out	of	
the window, thinking, and listening to music. "Other" activities included activities like sleeping, 
shopping, and household tasks. These activities overlap with some of the activities in other 
studies. By excluding these two activities, 48 activities were left, which I then grouped into 
13 clusters. Detailed clusters on these activities can be found in Appendix E. Table 5 below 
provides	an	overview	of	 the	five	most	significant	activity	clusters	(sorted	by	count),	which	are	
Entertainment and online activities, Work and productivity, Interpersonal communication and 
interaction, Sleep and relaxation, and Observation and monitoring. Significantly, this project's 
scope	is	confined	to	Level	4	and	Level	5	automated	driving,	so	the	table	below	does	not	count	
the	cases	that	specifically	address	Level	3	automated	driving.

Table 5. Five main clusters of activity and their number of cases (No count for L3 automated driving cases)
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2.4
Discussion

I will analyze this literature review from four perspectives: Comparison with other similar reviews, 
Risk of bias in studies, Limitations in the review process, and Implications for practice and future 
research.

Comparison with other similar reviews

The literature review conducted by Fitzen et al., (2018) employed a literature search 
encompassing five research fields: Automated Driving, Customer Focus, Transportation, 
Ergonomics, and Interior of the Future. They eventually selected 17 papers, which primarily 
focused on secondary activities in automated vehicles and other means of transportation, 
for their meta-analysis. Their top 10 activities, derived from their meta-analysis, were: video 
conferences/virtual meetings, drinking, sightseeing, preparing food, eating, reading, using social 
media,	making	calls,	texting,	and	surfing	the	internet.

My	results	have	some	differences	from	their	results.	The	five	most	significant	activity	clusters	
I got by counting the cases were Entertainment and online activities, Work and productivity, 
Interpersonal communication and interaction, Sleep and relaxation, and Observation and 
monitoring. The key reason for this difference is that Fitzen et al. use meta-analysis without 
distinguishing automation levels and study designs, and the number of studies included in the 
meta-analysis is small. Moreover, their focus was not exclusively on automated vehicles but also 
incorporated secondary activities in other means of transportation like trains and buses. Due 
to the huge number of research objects in the study of adopting other modes of transportation, 
the	results	of	adopting	different	modes	of	 transportation	may	have	a	great	 impact	on	the	final	
results.

In	contrast,	the	data	I	extracted	was	strictly	confined	to	automated	vehicles	ranging	from	Levels	
3 to 5. Furthermore, during the synthesis phase, my project solely focused on Level 4 and Level 
5 automated vehicles, hence data concerning Level 3 automated vehicles were not incorporated 
into the tally. Nevertheless, since I didn't conduct a meta-analysis, my ranking of activity 
importance may not be as robust.

Risk of bias in studies

There are some biases in the research collected in this literature review, which are listed here in 
order to correctly interpret the results.

• Information Bias: Information bias arises from the varied definitions of activities across the 
studies, with many not providing clear explanations of the listed activities. This variation in 
definition	and	interpretation	introduces	uncertainty	in	understanding	and	clustering	the	activities.

• Performance Bias: The use of simulators and questionnaires could introduce performance 
bias. The simulated environments are inherently safer than real driving conditions, potentially 
influencing	the	participants'	perceptions	and	actions,	and	hence	the	reported	activities.	Besides	
this, given that automated vehicles are not yet available, the users' anticipations or envisioned 
activities obtained through questionnaires, might not accurately represent reality.
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Limitations in the review process

This literature review strictly adhered to the PRISMA guidelines for literature screening, 
establishing a comprehensive review process, eligibility criteria, and bias analysis method from 
the	outset.	I	ultimately	identified	47	appropriate	articles	and	extracted	50	activities.	However,	due	
to time constraints and the information bias present in the literature leading to unclear activity 
definitions,	I	encountered	difficulties	in	activity	clustering	and	meta-analysis.	After	several	rounds	
of	activity	clustering,	I	selected	the	most	reasonable	approach	for	my	final	activity	clustering,	but	
the	principles	of	activity	clustering	still	need	to	be	clarified	and	potentially	refined	through	further	
discussion. As a result, the initially planned meta-analysis was replaced by a simple count, 
which	may	render	the	final	activity	results	less	robust	than	a	meta-analysis	would	yield.

However, overall, this literature review employed a stringent paper screening process and 
ultimately provided comprehensive data, so the activity ranking derived from this review still 
possesses a high degree of reliability.

Implications for practice and future research

Firstly,	the	results	gleaned	from	this	literature	review,	specifically	the	five	most	significant	activity	
clusters (Entertainment and online activities, Work and productivity, Interpersonal communication 
and	interaction,	Sleep	and	relaxation,	and	Observation	and	monitoring),	offer	a	solid	foundation	
for the subsequent interior design of automated vehicles. The interior design should primarily 
cater	to	the	users'	comfort	while	performing	these	significant	Non-Driving-Related	activities.

Secondly, in regard to the risk of bias in studies, future research should aim to reduce and 
improve their impact on the results. Minimizing information bias requires reaching a consensus 
on	the	definition	and	interpretation	of	activities,	potentially	 facilitated	through	the	development	
of standardized reporting guidelines. Performance bias could be addressed by improving 
study design. In the future, it would be beneficial to carry out additional research involving 
actual automated vehicles or within real-world contexts to glean further insights from authentic 
environments. The use of questionnaires could be supplemented with qualitative methods such 
as interviews or focus groups, yielding a deeper understanding of potential automated car users' 
activities. Above all, these biases underscore the importance of transparent, detailed research 
methods and result reporting. Future studies should provide clear, comprehensive descriptions 
of research methods and findings, facilitating accurate interpretation and comparison across 
studies.

Finally, regarding the limitations in the review process, specifically the lack of rigor in activity 
clustering and the absence of meta-analysis, it is hoped that future discussions will clarify activity 
clustering principles, leading to more reasonable activity clusters. Furthermore, a thoughtful 
meta-analysis of the data in Appendix C should be performed to achieve a more robust activity 
ranking.
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Key Takeaways

•	The	five	most	significant	activity	clusters	were	Entertainment	and	online	activities,	Work	
and productivity, Interpersonal communication and interaction, Sleep and relaxation, and 
Observation and monitoring.

•	Future	related	research	needs	to	provide	clearer	and	more	uniform	definitions	of	 the	
different Non-Driving-Related activities, improve the study design, and increase the 
transparency and details of the studies.

• More discussion of activity clusters and meta-analysis of the extracted data is 
recommended. These will allow for a more reliable ranking of Non-Driving-Related 
activities.
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Chapter 3. 
Ergonomic Experiment

3.1 Background

3.2 Method

3.3 Results

3.4 Discussion & Key Takeaways
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3.1
Background

The interior design of automated vehicles, particularly level 4 and level 5 automated vehicles, 
requires a shift in perspective. Given that users are no longer required to maintain constant 
control over the vehicle, they have increased time for Non-Driving-Related Activities (NDRAs). 
This change inevitably leads to a reevaluation of the vehicle's interior layout and the 
relationships between humans and their vehicles.

However, the current automotive market lacks automated vehicles beyond Level 3, and this lack 
leads to the lack of research on the spatial requirements and joint angles needed to perform 
different	NDRAs	comfortably.	To	fill	this	gap,	I	undertook	an	exploratory	experiment	using	body	
angle measurements within a constrained space simulating a vehicle interior. My objective was 
to analyze how various activities impact users' comfort and range of motion within a limited car 
interior space.

The literature review (see Chapter 2) has identified 50 potential activities that users might 
engage	in	within	automated	vehicles	and	grouped	them	into	13	activity	clusters.	The	five	most	
significant activity clusters were Entertainment and online activities, Work and productivity, 
Interpersonal communication and interaction, Sleep and relaxation, and Observation and 
monitoring. Each cluster consists of unique activity types, and each of these activities require 
different	postures,	spatial	requirements,	and	joint	angles,	with	some	even	demanding	additional	
elements like tables. This complexity considerably broadened the scope and difficulty of my 
experiment. Ultimately, due to time limitations, I decided to select one of the most representative 
and	prevalent	activities	from	each	of	the	five	activity	clusters	as	the	subject	for	my	subsequent	
research.

The 5 Non-Driving-Related activities chosen include: talking to other passengers, looking out the 
window, working (typing on the computer), sleeping, and entertainment (watching videos on the 
iPad).

The research questions are as follows,
• How	do	the	five	Non-Driving-Related	activities	mentioned	above	affect	users'	joint	angles	and	
comfort in a limited car interior space?
• How can these findings inform the development of more ergonomic and comfortable car 
interior design?

The hypotheses are:
• Users engaged in work-related activities will require a table and may prefer a more upright 
seating	position	for	increased	efficiency.
• Entertainment activities need a table and likely a more reclined seating position for comfort.
• Work and entertainment activities require less space than activities such as sleeping.
• In automated vehicles, seat orientation may change from the forward-facing default, particularly 
for enhanced passenger interaction or landscape viewing.
• Rotating the seat angle can improve passenger communication and the viewing experience, 
but it also requires a larger space to allow for rotation.
• Activities like sleeping may require the largest space for increased legroom and a lower 
backrest, and even some sleeping positions may require additional assistive devices.
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3.2
Method

Participants:
This	test	 is	an	exploratory	experiment,	so	3-5	participants	are	sufficient.	However,	considering	
certain aspects of the test that required pairing, the participant pool was expanded to six 
individuals. The age group 17-27 was targeted as they represent potential future users of 
automated cars. To this end, the subjects were recruited from the student of TU Delft.

Environment & Tools:
The interior of a car was simulated using tape to mark out a restricted space, which was 
modeled after the shoulder room (1407mm) and couple (initial distance 825mm) of a compact 
crossover SUV, Range Rover Evoque (as shown in Figure 4). Four adjustable seats that could 
be rotated and altered were placed within this space. An adjustable table was also provided in 
the designated area (as shown in Figure 5). For work and entertainment tasks, a computer and 
an iPad were used respectively.

Figure 4. Test environment 1 setup Figure 5. Test environment 2 setup
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Procedure:
The experiment consisted of three parts. Initially, participants were introduced to the automated 
car and its significance. They then completed a demographic survey. In the second part, 
participants	evaluated	seat	configurations	and	positions	using	pictures.	The	third	part	 involved	
participants	recalling	and	acting	out	their	past	and	potential	postures	during	specific	activities	in	
an automated car. Joint angles were measured using a motorized angle meter, and participants 
provided feedback on their comfort and any limitations experienced. 

The activities that participants need to participate in are talking with other passengers, looking 
out of the window, working (typing an email), sleeping, and engaging in entertainment (watching 
videos). The complete sequence of activities is depicted in Figure 6. Each testing session lasted 
approximately 60 minutes.

Figure 6. Test procedure
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3.3
Results

Demography:
The study involved six participants ranging in age from 22 to 27 years, with an average age 
of 25 years. The participant group was evenly divided, consisting of three females and three 
males. The average stature of the female participants was 163cm, with an average sitting height 
of 842mm. The male participants had an average stature of 180cm and an average sitting height 
of 931mm.

Preferred configuration and position:
The	participants	were	presented	with	six	different	seat	configurations	 in	the	picture	(as	shown	
in Figure 7) and asked to indicate their preferred configuration and position when traveling 
alone or with one partner. The results revealed that most participants (4/6) preferred the B 
configuration,	which	represents	the	typical	forward-facing	seat	arrangement	in	current	vehicles.	
Their	familiarity	with	this	standard	configuration	primarily	influenced	their	choice	when	traveling	
alone. Two participants expressed a desire to occupy the driver's seat, either for better visibility 
or to have the option of driving the vehicle themselves. The remaining two participants preferred 
the rear seat, as they were accustomed to this position during their previous travel experiences.

When participants were asked about their preferences while traveling with one partner, 
the majority (4/6) favored the F configuration, which involves all four seats oriented toward 
the center of the car. This arrangement was chosen due to its perceived convenience for 
communication between the occupants.

Figure	7.	Seat	configurations	(Source:	(Nie	et	al.,	2020))
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Comfortable joint angles:
Following a 5-minute period of 
engaging in a specif ic activity, 
participants were instructed to 
assume their most comfortable 
posture. Using an electric angle 
measurement tool, I recorded seven 
key joint angles on their bodies: 
foot-calf angle, knee angle, trunk-
thigh angle, elbow angle, shoulder 
angle, trunk-neck angle, and neck-
head angle, as depicted in Figure 
8. Additionally, I measured two 
seat angles, namely rotation and 
backrest  ang le .  Fur thermore, 
for activities involving work and 
entertainment, I noted the height 
(in centimeters) and angle of the 
device used. The results of these 
measurements are presented in the 
bar charts. Figure 8. Measured joint angles (Source: (Bengler et al., 2014))

Pictures from the testing process
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In the table, M stands for average 
angle, Max stands for maximum 
angle and Min stands for minimum 
angle.
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Interview:
After each activity, participants were interviewed to gather their feedback on their experiences, 
any limitations they encountered, and their overall comfort. 

• Head support
A common concern mentioned by all participants was the absence of head support in the 
experimental seats, leading to discomfort, particularly during sleep and when attempting to 
look out of the window. Participants shared their preference for additional lateral support or 
something to lean on for improved comfort.

One male participant expressed, "The main thing is that the neck is uncomfortable. I think 
the best-case scenario is actually something you can lean on" (interview conducted after 
the sleeping activity). Another male participant mentioned, "I would actually lean my head 
and neck against the window while riding in the car" (interview conducted after the activity 
of looking out of the window).

• Backrest angle
Regarding the backrest angle, all participants expressed a desire to have the ability to adjust 
it, with a particular emphasis on the sleeping activity. Two participants mentioned that they or 
others they observed tended to sleep almost flat on their backs sometimes, requiring a near 
180-degree backrest angle. However, one participant mentioned that such a flat angle would 
be	too	extreme	and	preferred	a	less	reclined	position.	Another	participant	highlighted	difficulties	
lying	flat	due	to	severe	motion	sickness.

One male participant suggested, "If the angle of the backrest can be a little larger, and 
then perhaps the legs can be a little higher, it will be better" (interview conducted after 
the sleeping activity). A female participant shared, "But I get carsick, I can't lie face forward 
because it's very uncomfortable" (interview conducted after the sleeping activity).

• Leg room & leg support
The limited legroom was a concern for four participants, causing discomfort during the activities. 
Two	participants	specifically	mentioned	the	desire	for	calf	support	similar	 to	a	massage	chair,	
allowing the legs to be lifted or lowered, especially when viewing the landscape or sleeping in 
the car.

One male participant stated, "If this is not restricted, I will definitely choose to straighten 
the leg" (interview conducted after the activity of looking out of the window). Another female 
participant expressed, "I think my legs would want to flatten out, but if it had something 
like one of those massage parlors, you know the kind that allows the legs to go up and 
down, I think it would be very comfortable" (interview conducted after the activity of looking 
out of the window).

Figure 9. Participants engaged in a 
looking out the window activity (left) 
and the chair used for testing (right)
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• Armrest
Two participants mentioned that the presence of armrests made them uncomfortable when 
sleeping or looking out of the window, as the armrests pressed against their waist and they 
preferred not to have any parts touching their bodies.

One female participant stated, "...armrests stuck to my waist, and I didn't want anything 
that could rest against my body parts" (interview conducted after the activity of looking out of 
the window).

• Lumbar support
Four participants reported feeling uncomfortable due to a lack of lumbar support. Two 
participants specifically mentioned the need for more comfortable lumbar support during 
sleep. Additionally, two female participants expressed a desire for increased support during 
communication or when looking out of the window.

One female participant explained, "I have an overhang here at the waist, and I want it to 
be adjusted to fit my waist better" (interview conducted after the activity of looking out of the 
window). Another female participant stated, "I think because there is something against my 
waist here, generally speaking when we sleep lying flat, it will be more comfortable" 
(interview conducted after the sleeping activity).

• Rotation
The notion of rotation was highlighted by five participants, who believed it could enhance 
freedom and variety during activities. For instance, two participants mentioned they would 
rotate their bodies to improve communication with their partner in previous experiences, and it 
sometimes caused discomfort in their lower back. Additionally, two participants expressed that 
being able to rotate the seat would allow them to position one leg over the other, resulting in 
a more comfortable posture during work or entertainment activities. However, two participants 
expressed doubts about whether rotatable seats would provide enhanced comfort for viewing 
the	scenery,	as	they	believed	the	presence	of	doors	and	rotation	might	create	conflicts.

One male participant shared, "Sometimes in ordinary cars, I will choose to sit with half of 
my buttocks (that is, rotate my body), facing towards the window side... After a long 
time, my buttocks actually start feeling uncomfortable, and I will experience discomfort 
in my back" (interview conducted after the activity of looking out of the window). A female 
participant added, "It may be that the angle of rotation is not completely free, taking into 
account the limitations posed by the presence of doors" (interview conducted after the 
activity of looking out of the window).

• Table
In terms of table usage, three participants preferred to sit upright without leaning on the 
backrest, desiring their computer screens to be at eye level. This indicates that an adjustable 
lifting table could improve their comfort. Conversely, three other participants preferred pulling 
the table close to them while reclining in their seats. All participants expressed the need to place 
all	or	most	of	their	elbows	on	the	table,	highlighting	the	significance	of	the	distance	between	the	
table	and	themselves	as	an	influential	factor.

One male participant stated, "The lift table allows me to position my screen at eye level 
with my eyes" (interview conducted after the entertainment activity). Another female participant 
expressed, "My arms need a support point for relaxation, so I don't have to hang them, as 
hanging becomes tiring" (interview conducted after the working activity).
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3.4
Discussion

Through the conducted ergonomic experiment and interviews, valuable information has 
been gathered to address the research questions proposed earlier. However, it is essential 
to	acknowledge	that	various	 factors,	not	accounted	for	 in	 the	study,	may	have	 influenced	the	
obtained results. Therefore, it is crucial to engage in a discussion to provide a comprehensive 
understanding	of	the	findings	and	their	implications.

Seat configuration preferences revealed that participants generally favored the normal seat 
configuration when traveling alone due to its familiarity. Conversely, when traveling with a 
partner, participants expressed a preference for a face-to-face seating arrangement to facilitate 
communication. These results align with the findings of Nie et al. (2020), who reported that 
the	conventional	seat	configuration	(B	configuration)	was	widely	accepted	for	daily	commutes	
and long trips. Additionally, Nie et al. (2020) found that the "face-to-face mode" was the 
preferred option (42.0% combined options A and F) for excursion scenarios. It is noteworthy 
that participants in my experiment also mentioned a desire to occupy the driving position, which 
allows for immediate control.

Comparing the results of backrest angles obtained in my experiment with those reported in 
existing literature reveals noteworthy similarities. Parida et al. (2019) reported a backrest angle 
range of 93-113 degrees for working on a laptop, closely aligning with the results obtained in 
my experiment (90-120 degrees, with a mean angle of 116.2 degrees). Furthermore, Parida et 
al. (2019) documented backrest angles of 138 degrees for sleeping in one study. In contrast, 
my experiment revealed a broader range of backrest angles, ranging from 110 to 146 degrees, 
with an average angle of 118.8 degrees. This finding was different from those of previous 
research, largely attributed to the restricted adjustability of the backrest angle on the office 
chairs	employed.	This	factor	complicated	participants'	attempts	to	find	their	ideal	backrest	angle	
for sleep. Despite this, subsequent interviews and angle measurements furnished valuable 
feedback and correction to this result. And a comparison of the backrest angle required for 
different	activities	can	be	found	that	the	backrest	angle	required	for	sleeping	is	the	largest.

Fleischer and Wendel (2021) reported that the angle between the horizontal line and the torso 
line (backrest angle) is around 117 degrees in conventional vehicles. Additionally, Fleischer 
and Wendel (2021) provided backrest angles for other activities, such as looking out of the 
window (115.5 degrees) and talking to other passengers (116.5 degrees), which closely 
match the results obtained in my experiment (113 and 115.5 degrees, respectively). For tablet 
use, Fleischer and Wendel (2021) suggested a backrest angle of 119.5 degrees, whereas 
my experiment yielded an average angle of 116.2 degrees. The credibility of my findings is 
enhanced by the fact that my results are close to most of the existing studies on the backrest 
angle.	The	obtained	results	hold	significant	importance	for	developing	realistic	mannequins	that	
accurately	represent	individuals	engaged	in	specific	activities,	as	well	as	for	informing	the	design	
of car interiors.

The interview results underscore the importance of incorporating several features into 
automated car design to enhance comfort and accommodate individual preferences. These 
features	 include	head	support,	adjustable	backrest	angles,	sufficient	 legroom	and	leg	support,	
foldable armrests, additional lumbar support, rotational capabilities, and adjustable tables. 
These	findings	provide	valuable	insights	for	designing	car	interiors,	particularly	car	seats.
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Limitations:
Acknowledging the limitations of the experiment is crucial. The use of an office chair that 
does	not	 lay	flat,	 lacks	headrest	support,	and	features	different	armrests	may	have	introduced	
inaccuracies in the results. A notable instance of this impact was evident when participants were 
sleeping. The mean backrest angle noted during the sleep activity of the experiment did not 
accurately	represent	the	optimal	sleep	posture,	as	the	range	of	backrest	adjustment	in	the	office	
chair	was	limited	and	rather	challenging	to	modify.	It	was	more	difficult	for	some	participants	to	
adjust their chairs to achieve their most comfortable backrest angle. However, feedback from 
the interviews and angle measurements somewhat offset this limitation. It was gleaned from 
these sources that the majority of the participants leaned towards a larger backrest angle, 
approximating a reclined position. Furthermore, the experimental environment did not replicate 
a	real	car	setting,	which	could	have	 influenced	participant	responses.	Additionally,	 the	 lack	of	
experience with level 4 and level 5 automated cars among participants may have impacted their 
ability to envision future postures accurately. Measurement errors may have been present due to 
the equipment used for angle measurements. To ensure more meaningful and accurate results, 
future studies should consider conducting experiments in real car spaces with appropriate car 
seats and employ more precise methods, such as clothing that can automatically measure the 
joint angles.

In conclusion, the findings from the experiment and interviews offer valuable insights for 
designing car interiors. However, it is essential to address the identified limitations in future 
research to enhance the reliability and accuracy of ergonomic design considerations for 
automated cars.

Key Takeaways
•	Participants	 typically	preferred	the	traditional	seat	configuration	(B)	 for	solitary	 travel	
due to its familiarity, while a face-to-face seating configuration (F) was favored when 
traveling with a partner to enhance communication.

• Adding a lying down sleeping posture to complete the comfortable sleeping joint angles.

• The joint angles participants utilized during the five key NDRAs are critical for 
developing accurate human body models representing comfortable postures and guiding 
interior car design.

• Interview results highlight the necessity of integrating features such as seat functions, 
rotational capabilities, and height-adjustable tables into automated car design to improve 
comfort and cater to personal preferences.
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Chapter 4. 
Design  Vision

4.1 Design Vision

4.2 List of Requirements
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4.1
Design vision

Integrating all the insights from research and creating a clear vision is crucial for the success 
of any project. By analyzing and synthesizing the information gathered from research, we can 
better understand the needs and expectations of users and develop a more comprehensive 
understanding of the problem we are trying to solve. Having a clear vision allows us to stay 
focused and aligned on the goals of the project, guiding decision-making and ensuring that all 
efforts	are	working	towards	a	common	objective.

Drawing upon insights from the literature review, comfort, and the user's perspective (see 
Appendix F for research about comfort and the user's perspective), a comprehensive design 
vision has been developed. This vision encapsulates the values that the design implementation 
aims to evoke, as shown below.

I want to design a car interior that is 
comfortable and promotes a sense of freedom, 

enabling users to seamlessly transition 
between activities, 

enhancing physical and mental pleasure, 
and transforming travel time into an enjoyable 

and valuable experience.
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4.2
List of requirements

The most important requirements and wishes are listed here, please see Appendix G for the full 
list of requirements.

R.1.1 The interior design is designed for highly automated or fully automated vehicles (Level 4 
or Level 5, the SAE Automation Level).
R.1.2 The interior is designed to be made for 2035 (see Appendix B).
R.1.3 The interior design must conform to the Range Rover compact SUV's spatial dimensions, 
including 55.4 inches shoulder room, a 105.6 inches wheelbase (see Appendix B).
R.2.2 The car interior should accommodate the maximum, average, and minimum comfortable 
joint	angles	required	for	five	essential	activities,	 including	 looking	out	of	 the	window,	working,	
entertainment, sleeping, and talking with other passengers, for P50 users (see Chapter 3).
 The	definition	of	looking out of the window in this context is looking out of the window with 
seat backrest angle between 110 and 130 degrees and seat rotation angle between 0 and 45 
degrees.
 The	definition	of	working in this context is typing on a computer with seat backrest angle 
between 90 and 145 degrees and requiring a desk height of 75 cm.
 The definition of entertainment in this context is watching movies in an iPad with seat 
backrest angle between 110 and 150 degrees and requiring a desk height of 75 cm.
	 The	definition	of	sleeping	 in	this	context	 is	a	position	of	rest	with	a	backrest	angle	that	
varies from 110 to 145 degrees.
 The definition of talking with other passengers in this context is talking with other 
passengers with seat backrest angle between 110 and 130 degrees and seat rotation angle 
between 10 and 45 degrees.
R.2.4 The car interior should enable passengers to rotate the seats smoothly within a range of 
0 to 45 degrees without any obstructions or interference.

W.2.1	 The	car	interior	can	support	configurable	layout	changes	from	configuration	B	(traditional	
seat	configuration)	to	configuration	F	(face-to-face	configuration)	(see Chapter 3).
W.2.2 The interior can at least incorporate one seat adjustable to a flat sleeping position, 
allowing a backrest angle of at least 145 degrees or even up to 180 degrees (see Chapter 3).
W.2.3 The interior can accommodate a table with a height adjustable between 70 and 100 cm 
for work and entertainment (see Chapter 3).
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Chapter 5. 
Analysis using 3D models

5.1 3D Models

5.2 Findings for integrating 3D models in Rhino

5.3	 Discussion	of	6.2	findings

5.4 Findings for integrating 3D models in AR

5.5 Conclusion & Key Takeaways

34



In	this	project,	the	interior	design	must	comply	with	the	spatial	specifications	of	the	Range	Rover	
compact SUV, which includes 55.4 inches of shoulder room and a 105.6-inch wheelbase. In the 
Chapter	3,	 I	detailed	the	comfortable	 joint	angles	for	passengers	 in	five	primary	Non-Driving-
Related activities. 

The question at this stage is: 
•	Does	the	space	in	the	Range	Rover	Evoque	allow	users	to	perform	five	important	Non-Driving-
Related activities?	Is	the	comfortable	range	of	 joint	angles	permitted	by	the	space	different	for	
P95 and P50 users? 
• To what extent does the space allow P50 users to perform five	primary	Non-Driving-Related	
activities within a comfortable range of motion? (The comfortable range of motion here is 
between the maximum and minimum joint angles obtained in Chapter 3).

To address this query, I employed 3D models that closely resembled the actual objects in 
dimensions. These models included a P50 mannequin, the car's seats, and a Range Rover 
compact SUV model. The primary focus was on securing the 3D models that accurately 
reflected	the	size	and	spatial	parameters.	I	used	these	models	to	first	integrate	with	Rhino	(see	
5.2) and then moved to HoloLens (see 5.4) to explore more through AR (augmented reality).

Mannequins
To achieve a realistic human model, I utilized the 'Mannequin' tool from DINED. The DINED 
platform	offers	a	comprehensive	strategy	to	effectively	leverage	anthropometric	data,	enhancing	
the overall design process. The 'Mannequin' tool from DINED allows users to create 3D 
human models or 'Mannequin' that are constructed from extensive 3D body scan databases. 
Furthermore, it provides an intuitive interface for investigating variations in 3D body shapes, 
thus enabling the creation of mannequins that accurately depict a diverse range of human 
anthropometric data.

5.1
3D Models

Picture from DINED
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Table	6	showcases	the	P50	mannequins.	 I	also	generated	different	manikins	to	represent	 the	
P70 and P95 mannequins to study the spatial occupation of a wider population, however my 
primary focus remained on the P50 group. The P50 mannequins, rigged in Blender for five 
different	activities	at	various	 joint	angles,	are	displayed	 in	Figure	10.	The	chosen	 joint	angles	
correlate	with	the	minimum,	average,	and	maximum	values	identified	in	the	preceding	chapter.	
Additionally, I've included a "sleep flat" position because the sleep angles obtained from the 
interviews in Chapter 3 may not completely represent the most comfortable sleeping position 
preferred by users, given the limitations of the experimental equipment. Therefore, by adding a 
lying	position,	my	goal	is	to	make	all	the	positions	listed	in	the	table	reflect	the	whole	range	of	
motion that the user is comfortable with.

Table 6. Mannequin body parameters

Figure 10. Rig a mannequin in Blender that is performing the activity of talk with other 
passengers in average joint angles
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Table	7.	P50	Mannequin	postures	in	different	activities

Figure 11. P50 mannequins in all comfortable joint angles
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Figure	12.	The	main	dimensions	of	the	finalized	seat	model

Figure13. Grasshopper parametric modeling of the seat

Picture from Knoedler Air-Chief Seat

The seat's model primarily draws upon the design of the Knoedler Air-Chief Seat, illustrated in 
picture below. Parameters such as the angle of the seat backrest, leg support, headrest, and 
armrest are modulated using the Grasshopper software. Figure 13 shows part of the parametric 
modeling	process.	The	principal	dimensions	of	the	finalized	seat	model	are	presented	in	Figure	
12.

Seats
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Table 8. Range Rover Evoque Figure 13. Range Rover Evoque 3D model

Wheelbase
Length, Overall
Height, Overall

Shoulder Room

Shoulder Room

Head Room

Head Room

Leg Room

Leg Room
Front

Second

268.22cm
437.13cm
164.85cm

143.76cm

140.72cm

98.81cm

97.28cm

85.85cm

101.6cm

The dimensions of the Range Rover Evoque car model can be found in Table 8, and Appendix B 
for	the	specific	meaning	of	dimensions.	The	picture	at	the	bottom	depicts	the	actual	car	model,	
while Figure 13 on the right shows the 3D model of the Range Rover Evoque, constructed using 
real dimensions.

Range Rover Evoque

Picture from Range Rover
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Utilizing mannequins alongside the car seats within the Range Rover Evoque CAD model 
enabled an accurate representation of the real interior scenario, which help me directly realize 
if the space was enough for passengers to perform the important Non-Driving-Related activities 
in	 the	car.	 I	first	analyzed	this	setup	in	the	Rhino	to	ascertain	whether	the	current	car	space's	
length, width, and height were adequate and whether the necessary space is available when 
equipment like tables, computers, and tablets are used for work or entertainment.

It's important to mention that in my use of Rhino, I incorporated not just P50 mannequins, 
but also P70 and P95 mannequins. This approach was taken with the aim of observing the 
spatial	requirements	of	a	more	extensive	population	segment.	For	clarification,	white	denotes	
P95 mannequins, light orange signifies P70 mannequins and dark orange represents P50 
mannequins.

5.2
Findings for integrating 3D models in Rhino
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Figure 14. P95 mannequin in the current space

Figure 15. P70 mannequin in the current space Figure 16. P50 mannequin in the current space

My	findings	are:

•	The	existing	interior	dimensions,	encompassing	height,	width,	and	length,	fall	short	of	fulfilling	
the requirements of important Non-Driving-Related activities.

When P95, P70, and P50 mannequins were placed inside the vehicle models, an apparent 
insufficiency	in	foot	space	height	was	discernible	across	all	mannequins,	as	illustrated	in	Figures	
14,	15,	16.	To	maintain	the	feet	of	the	mannequins	above	the	vehicle's	floor,	given	the	average	
SUV seat height of 315mm (typically within the 300mm to 350mm range), an additional 250mm 
is required for the P95 mannequins, while an extra 175mm is necessary for the P70 and P50 
mannequins, as shown in Figure 17 and 18. Thus, the seat height must be adjustable within a 
range of 490mm to 565mm to cater to user needs during key Non-Driving-Related activities.

The	red	area	is	showing	the	spacial	conflicts

Findings
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As for interior length, it was observed that to allow passengers to attain a 
more relaxed sleeping position in the rear seat, the current cargo space 
would need to be utilized. Consequently, an increase in the vehicle's 
interior length is required to satisfy the needs of rear passengers aiming 
for a comfortable sleeping position.

Current 
cargo space
Changed 
cargo space

Figure17. P50 and P70 mannequins with extra seat height

Figure 18. P95 mannequin with extra seat height
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I n  p u r s u i t  o f  a  s e a t i n g 
c o n f i g u r a t i o n  o f f e r i n g 
interchangeability between 
t h e  c o n v e n t i o n a l  B 
configuration	and	the	face-to-
face F seating configuration, 
a vehic le 's inter ior  must 
have sufficient width. The 
center  d is tance (double 
the lateral location) among 
ad jacent  seats  in  SUVs 
usually lies between 750mm 
and 850mm, with 800mm 
selected as the base seat 
center distance in our model. 
Under these conditions, an 
additional width of 82mm 
is  necessary to  at ta in  a 
180-degree rotation with an 
upright backrest, as depicted 
in Figure 19. This added 
width,	however,	can	be	offset	
by laterally shifting the seat 
inward	by	a	specific	distance,	
as indicated in Figure 20. A 
100mm inward movement of 
the seat allows a 180-degree 
rotation without expanding 
the vehicle's interior width.

Figure 19. 180-degree rotation

1 2

3 4
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Figure 20. 180 degree rotation, seat moves inward 100 mm

1 2 3

4 5
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The ergonomic experiments in 
Chapter 3 revealed that users, 
when communicating, tend to 
swivel the seat to create a certain 
angle, typically between 14 and 
46 degrees, averaging around 
27 degrees. Implementing this 
insight into our model, I deduced 
that the existing interior width 
is insufficient to accommodate 
user preferences, demanding an 
additional width of 118mm and 
185mm for seat rotations of 27 
and 46 degrees, as demonstrated 
in Figures 21.

118mm

185mmFigure 21. Communicating with other passengers
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• The conventional seating layout falls short in fulfilling the needs of rear-seat passengers 
seeking comfortable space for computer use, be it for work or entertainment.

The P95 mannequin was incorporated into the model, and tables designed to hold computers 
or other devices were added to both front and rear seats, resulting in a model akin to the 
one shown in Figure 22. The height of the table was defined based on the outcomes of the 
ergonomic test, with an approximate average height of 730 mm. Depending on the requirements 
for entertainment or work, this height can be adjusted within the range of 690 mm to 970 mm 
and	690	mm	to	840	mm,	respectively.	The	illustration	signifies	that	while	front-seat	passengers	
enjoy a generous workspace, the rear-seat occupants grapple with a constrained environment, 
making computer-related tasks difficult. Additionally, the existing interior layout poses a 
challenge to attaining the maximum comfortable table height.

Figure 22. Mannequins with 
table and equipments
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By integrating the model in Rhino, I gained an intuitive understanding of the available space for 
passengers to engage in Non-Driving-Related activities within the vehicle. This analysis yielded 
two	key	insights.	First,	the	interior	space	of	the	Range	Rover	Evoque	does	not	suffice	to	satisfy	
the spatial requirements for comfortable Non-Driving-Related activities. Second, the current 
seating layout inadequately accommodates rear-seat passengers desiring ample space for 
computer use.

These conclusions were derived from an analysis that involved mannequins representing 
the P95, P70, and P50 with varying joint angles. It's worth noting that the different groups of 
mannequins mixed might introduce some degree of uncertainty, potentially making the final 
conclusions not universally applicable across all groups. Nevertheless, as I used the P95 
mannequins most, which necessitates more space than P70 and P50, I can assert that the 
Range Rover Evoque's interior does not fulfill the spatial demands of P95 users engaged in 
Non-Driving-Related activities across a broad range of comfortable joint angles. However, it 
would	be	premature	to	definitively	conclude	whether	there	is	sufficient	space	for	the	P50	group.

Moreover, it's important to mention that I retained the Range Rover Evoque's dashboard in the 
model. Despite it occupying a significant portion of the space, if technology advances in the 
future allow for a thinner dashboard by 2035, it would further augment the available space for 
users.

Lastly, the 3D seat model was built upon the design of the Knoedler Air-Chief Seat, a model 
currently in use. The thickness of this seat model, as apparent in the 3D rendering, occupies 
some space, particularly impacting the space between the front and rear seats. However, 
envisioning the automotive advancements of 2035, if seats could be slimmed down, it would 
potentially result in an increase in available activity space for passengers. For example, the 
RECARO Aircraft Seating SL3510 (shown in the picture) uses an innovative netting material 
to form the core of the backrest instead of the usual foams, which reduces the thickness of the 
backrest to 1.5 (3.81 cm) inches.

I would like to modify the model based on the above 
discussion so that I can answer question two better: To 
what	extent	does	the	space	allow	P50	users	to	perform	five	
primary NDRAs within a comfortable range of motion? It is 
important to note that the focus question two is the space 
occupancy of the P50 users to perform the activities, and the 
inclusion of a thinner seat (e.g., 1.5 inches thick as described 
above)	will	have	little	impact	on	the	final	results,	so	in	order	to	
simplify my research, I chose to use only the mannequin and 
not the seat model in the next exploration. However, in the 
final	interior	design,	the	seats	will	exist	in	a	thinner	thickness	
(less than 1.5 inches). So, the following changes were made 
to the model in the exploration in AR:

• Include a thinner dashboard in the model.
• Introduce only the mannequin, not the seat model.
• Focus only on the P50 mannequin.

5.3
Discussion of 5.2 findings

Picture from RECARO
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5.4
Findings for integrating 3D models in AR

Based on the aforementioned discussion 
surrounding the integration of 3D models in 
Rhino (see section 5.3), I implemented the 
following modifications to the model: First, 
I reduced the thickness of the dashboard, 
which is demonstrated in Figure 23 depicting 
the thinner dashboard. Second, I put only 
mannequins, omitting the seat model in this 
phase of the study. Lastly, I limited my focus 
solely to the P50 mannequins.

To gain a more intuitive understanding of the 
space users may require when engaged in 
Non-Driving-Related activities, I utilized the 
HoloLens augmented reality (AR) device. 
Microsoft's HoloLens, a leading device in the 
AR realm, enables immersive and interactive 
AR experiences.

One of the critical advantages of AR is its 
capability to provide a spatial understanding 
that flat renderings or models on a screen 
can not adequately deliver. This technology 
enables me to visualise the car's interior 
space, perceive the space's dimensions more 
accurately, and intuitively understand the 
spatial	requirements	of	different	user	activities.	
By allowing me to interact with the 3D models 
in a realistic and immersive manner, the 
HoloLens facilitates a deeper understanding 
of the potential spatial constraints and 
possibilities, making it an invaluable tool in this 
study.

Figure 23. Changes to the dashboard

Top: Original dashboard
Middle: altered (thinner) dashboard (driving mode)
Bottom: altered (thinner) dashboard (non-driving 
mode)

Pictures from Microsoft HoloLens
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To investigate whether P50 users can perform Non-Driving-Related activities within a large 
comfortable range of motion in the future Range Rover Evoque, featuring a slimmer dashboard 
and thinner seats, I incorporated 16 different P50 mannequins (see Table 7) into HoloLens. 
These mannequins represented various activities and joint angles. Additionally, I imported 
the Range Rover Evoque in two distinct configurations (see Figure 23): one in driving mode 
(equipped with a steering wheel) and another in non-driving mode (without a steering wheel).

My	methodology	 involved	freely	combining	multiple	mannequins	engaged	in	different	activities	
to examine the spatial occupation. The aim was to generate as many diverse combinations as 
possible, encompassing varying Non-Driving-Related activities and distinct joint angles.

To streamline subsequent descriptions, I've employed specific symbols (see Table 9) to 
represent the five Non-Driving-Related activities. Furthermore, I have used color coding for 
different	joint	angles:	red	for	the	maximum,	orange	for	the	average,	and	yellow	for	the	minimum.

Table 9. Symbols for the activities and postures

Pictures from the AR process
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Driving mode
(with a steering wheel  
and a driver seat)

A c c o r d i n g  t o  t h e 
characteristics of different 
combinations, the results 
can be classified into two 
categories.	The	first	category	
is the combination that the 
internal space of Range 
Rover Evoque can meet the 
needs of activities and joint 
angles, as shown on this 
page.

I t  c a n  b e  s e e n  t h a t  i t 
includes: 
• Talking with passengers 
a n d  l o o k i n g  o u t  o f  t h e 
window at the minimum, 
average,  and max imum 
joint angles (even at the 
maximum joint angle, the 
required backrest angle is 
still less than 130 degrees);
•  Sleep and work at the 
minimum joint angle;
• Minimum and average joint 
angles for entertainment 
(watch IPad).

Non-driving mode
(No steering wheel or 
driver seat)

Findings

50



Non-driving mode
(No steering wheel or 
driver seat)

Driving mode
(with a steering wheel  
and a driver seat)

The second category is that the internal space of Range Rover Evoque cannot meet the 
needs	of	activities	and	joint	angles,	as	shown	on	this	page.	It	can	be	seen	that	the	unsatisfied	
combinations include: 
•	Sleeping	flat;
• Sleep, entertainment, and work at the maximum joint angle.
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The	aforementioned	analysis	 is	grounded	on	the	configuration	of	a	four-seater	vehicle	 interior.	
However, what if we reconfigure the layout to cater to only two or three users? Could this 
potentially realize a broader range of joint angles that a four-person layout might struggle to 
provide? My exploration into this possibility revealed that indeed, with a smaller number of 
occupants (two to three), the interior can accommodate activities and joint angles that demand 
more	space,	such	as	 laying	flat	 for	sleep,	engaging	 in	entertainment,	or	working	at	maximum	
joint angles. Nevertheless, notably, there may not be sufficient room if multiple occupants 
engage	in	the	activities	with	maximum	angle	joints	simultaneously	(see	the	figure	at	the	bottom).

Enough space

Not enough space
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I have used the integration of 3D models to Rhino and 3D models to AR to investigate if the 
current	interior	space	of	the	Range	Rover	Evoque	can	meet	user	requirements	for	five	key	Non-
Driving-Related activities from a comfort perspective regarding joint angles. Using 3D models 
has enriched my perception of product space and accelerated my exploration process.

In the exploration of integrating 3D models into Rhino, I found that the existing interior space 
of Range Rover Evoque can't meet the needs of P95 users to carry out important Non-Driving-
Related activities with a wide range of joint angles. Due to some loopholes in the exploration 
process caused by unclear targets, I elected to employ AR for a second investigation.

During the exploration of integrating 3D models into AR, I narrowed my focus to the P50 group. 
And I based this on the hypothesis that by 2035, dashboards and seats will likely be thinner. 
This analysis revealed that the current interior space of the Range Rover Evoque could facilitate 
four P50 users conducting five major Non-Driving-Related activities with narrow comfortable 
joint angles. In fact, even activities like chatting with passengers and viewing the outside could 
be achieved with larger joint angles. However, the space fell short of supporting four P50 
users performing certain activities, such as sleeping, entertainment, and work, with larger joint 
angles. Furthermore, I also investigated scenarios accommodating just two or three individuals, 
discovering	that	the	existing	interior	space	could	fulfill	the	needs	of	2-3	P50	users	participating	
in Non-Driving-Related activities with large joint angles.

Based on this research, I propose from a spatial occupation standpoint that future automated 
vehicles	should	feature	slimmer	dashboards	and	seats	to	afford	users	greater	activity	space.	To	
achieve a wider range of comfortable joint angles, we might contemplate transforming a four-
seater car into a two or three-seater or augmenting the vehicle's internal dimensions.

5.5
Conclusion

Key Takeaways
• The Range Rover Evoque's space falls short in supporting P95 users conducting 5 
major Non-Driving-Related activities at larger comfort joint angles.

• The space can accommodate four P50 users for 5 major Non-Driving-Related 
activities at small or average joint angles. However, it lacks the space needed to sleep, 
entertainment or work at larger joint angles.

• It is recommended that future automated cars should have slimmer seats and 
dashboards.

• Transitioning from a four-seat to a two- or three-seat layout, or expanding the interior 
space, allows users to perform important NDRAs at larger comfortable joint angles.
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Chapter 6. 
Design and iteration

6.1 Introduction

6.2 Moodboard

6.3 Ideation and Development

6.4 Concepts

6.5 Evaluation of two concepts

6.6 Preliminary car interior design for the future
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6.1
Introduction

Following a comprehensive literature review, I embarked on ergonomic 
experiments and interviews. The primary goal was to identify users' preferences 
for Non-Driving-Related activities, as well as their specific needs regarding 
comfort and layout. The data collected from these studies provided an empirical 
backbone for my design approach. Besides these, I utilized 3D models to gain a 
robust	understanding	of	space	occupation	of	different	activities.

The ideation journey commenced with rudimentary hand sketches, a process 
that encouraged an unfiltered surge of creativity. And finally contributed to two 
car interior design concepts. Each was crafted to enable seamless transitions 
between activities, and designed to imbue users with a sense of comfort and 
freedom. Finally, by combining the advantages of the two concepts, a preliminary 
future vision of automated car interior design is obtained.
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6.2
Moodboard

The mood board served as a canvas, 
capturing various sources of inspiration 
including current automated car designs, 
the innovative aircraft cabin concepts from 
the AIX exhibition, and office chair images. 
The primary objective was to explore the 
interior layout to enable seamless transitions 
between activities within the confines of an 
automated car. And it was especially focused 
on the activities such as viewing landscapes, 
engaging in work, partaking in entertainment, 
interacting with fellow passengers, and 
sleeping.
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Audi skysphere concept
• Future luxury sports car
• Automation level: level 4
• Seating Capacity: 2
• "Grand Touring" mode: will extend 
the wheelbase and thus increase 
the length of the car by 250 mm; 
the pedals and steering wheel 
disappear, allowing occupants to 
enjoy a more spacious interior

STELIA Aerospace
• STELIA Aerospace Business Class Seat
• Ultra-slim seating
• A large privacy door, turning the seat into 
a wide and comfortable private suite
•	A	spacious	and	comfortable	full	flat	bed	
(realize the angle transformation of sitting 
and lying down)

Volvo 360c concept
• An office-bed-living room 
mashup
• Automation level: level 5
•Show four potential uses 
of automated vehicles: as 
a  s leep ing  env i ronment , 
mobile	office,	living	room,	and	
entertainment space

Pictures from Audi skysphere

Pictures from STELIA Aerospace

Pictures from STELIA Aerospace

Pictures from Volvo

Franklin light aircraft seat
• Innovative netting material
• Ultra-slim seating
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6.3
Ideation and Development

At the start of the ideation phase, I incorporated 
the insights made from the experiments and 
interviews to make a multi-feature seat design, 
as depicted in the picture. The six salient 
features include:
• Head support augmented with lateral support,
• A foldable armrest,
• An adjustable leg support,
• A rotatable mechanism,
• Customizable lumbar support, and
• A backrest angle that can be adjusted 
according	to	different	activities.

Drawing
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Based on the seating preferences 
gathered from users during the 
interviews, I manually sketched 
the	 interior	of	configurations	B	and	
F. Given the important role of the 
tables in work-related tasks and 
certain entertainment activities, I 
focused on drawing the positioning 
and emergence mechanisms of the 
tables.
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The transition from B to F configuration is 
achieved by the rotation of the seats.
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6.4
Concepts

At the heart of this innovative concept is the reimagination and extension of the traditional car 
dashboard. Traditionally, the dashboard of a car serves a multitude of purposes, playing a 
pivotal role in vehicle control, storage, and vital communication with the driver. The escalating 
need for advanced information control in automated driving in the future suggests a potential 
shift towards an integrated dashboard model - one that harmoniously amalgamates various 
functions.

With the understanding that users engage in a range of Non-Driving-Related activities - such 
as sleeping, communicating, or working - this design expands the dashboard to foster these 
activities. Thus, the reinvented dashboard evolves into a core area conducive to major activities, 
where users can work, communicate, and more. This not only meets the user's needs for 
comfort during Non-Driving-Related activities but also situates them near the control hub of 
the vehicle, the dashboard. This proximity ensures users stay updated on essential vehicle 
information, potentially enhancing overall safety.

This	concept	sprouted	from	two	critical	findings	during	the	3D	modeling	phase.	Firstly,	 I	 found	
that the current car space falls short of accommodating users' Non-Driving-Related activities 
comfortably, such as the space length required for a user to sleep. Secondly, I identified an 
evident lack of adequate space for rear passengers to engage comfortably in computer-related 
tasks.

Given these findings, my design concept envisions the removal of the front passenger seat 
and	an	extension	of	 the	dashboard.	This	 innovative	modification	not	only	provides	users	with	
enhanced	space	for	Non-Driving-Related	activities	but	also	ensures	a	more	efficient	interaction	
with the vehicle's controls and information. In essence, this revolutionary interior layout optimally 
merges comfort and control, steering toward the future of automated vehicles.

Concept 1
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Scenario 1: Resting & Sleeping

Sleeping	flat	on	the	back

Sleeping

Looking out of window

Driving\Watch the road

Scenario 2: Entertainment & Sleeping

Sleeping

Entertainment\Working

Driving\Watch the road
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Scenario 3: Communication & Working & Entertainment
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Concept 2

My second design concept ingeniously revolutionizes the traditional cargo storage area, 
converting it into a valuable activity zone within the vehicle. This transformation optimizes the 
spatial arrangement for users, amplifying their range of motion without compromising passenger 
capacity.	It	is	tailored	to	fulfill	the	diverse	Non-Driving-Related	activities	of	users	in	an	automated	
car, providing a broad and comfortable sphere for various activities.

Incorporating a 180-degree rotatable rear sofa into the design, the interior can adapt to offer 
a camp-like ambiance for long-haul travelers. The sofa can convert into sofa bed, further 
enhancing the versatility of the space. Additionally, a floor-embedded folding table that can 
elevate	from	the	floor	when	needed	is	introduced	to	facilitate	work,	play,	or	communication.

My intent with this design is to craft a mobile "living room" - a snug space where users can 
sleep, work, play, and relax in ultimate comfort. This inspiration emerged from ergonomic 
experiments and enlightening interviews. During these sessions, respondents shared their 
experiences	of	sleeping	on	completely	flattened	seats,	primarily	during	extended	journeys.	They	
also expressed a desire for an improved sleep experience during long trips and an aspiration to 
transform the traditional family car into a camping experience akin to RV travel.

Additionally, this concept aligns perfectly with the adventurous spirit inherent in SUVs, which 
are known to offer a more liberating, sporty, and outdoorsy experience. By converting the 
cargo storage into a part of the vehicle's interior activity zone, the concept offers an added 
dimension of interaction with the world outside through the trunk window. Thus, this innovative 
reconfiguration	not	only	 facilitates	Non-Driving-Related	activities	but	also	engenders	a	deeper	
interaction with the outside world, amplifying the sense of freedom for users.
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Cargo volume:
In the Range Rover Evoque, with all 
seats in place, the cargo capacity 
amounts to 21.5 cubic feet or roughly 
608,811.2 cubic centimeters. While 
manufacturers often provide cargo 
volume specifications, they typically 
don't offer precise dimensions like 
average cargo length. Therefore, 
using the 3D model of the Range 
R o v e r  E v o q u e  a n d  i t s  k n o w n 
dimensions, I have approximated 
the cargo dimensions to be 138 cm 
(width) x 70 cm (height) x 60 cm 
(length). These dimensions yield 
a cargo volume of 579,600 cubic 
centimeters, which closely aligns with 
the specified maximum cargo volume. 
This approximation is represented 
by an orange transparent cube in the 
accompanying visuals.
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Scenario: Sleeping & Resting

Cargo

The design integrates a rear sofa that 
swivels 180 degrees and can convert 
with the cargo space to simulate 
the feeling of a campsite, especially 
for those who wish to travel long 
distances on their own. Also, the 
sofa can be turned into a sofa bed, 
expanding the space for activities.

Extended 
length

Sofa bed
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Scenario: Communication
& Working & Entertainment

The design features a folding 
table ingeniously embedded 
within the floor. This table can 
rise from the floor as needed, 
creat ing a pract ica l  sur face 
for work, leisure activities, or 
fostering communication among 
passengers.

Folding table 
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Figure	24.	Horris	Profile

Two concepts were evaluated using the Horris Profile based on the important requirements 
identified	in	the	List	of	requirements	and	the	results	are	shown	below.

Upon comparing the evaluation results of the two concepts in the Horris Profile, I found that 
Concept	1	satisfies	key	requirements	from	the	List	of	Requirements	(see	Chapter	4)	better	than	
Concept 2. It enables better space allocation for 5 critical Non-Driving-Related activities within 
the Range Rover Evoque and has higher feasibility than Concept 2. However, it is essential to 
note that Concept 1, to provide users with greater activity space, forfeits the standard four-seat 
arrangement, potentially making it unsuitable for certain family or societal needs.

On the other hand, Concept 2 holds its unique strengths, such as better matching the 
requirement of switching between Configurations B and F, catering to multiple users' 
collaborative working and social needs. Nevertheless, Concept 2 has three shortcomings: 
the need for expanded interior space, the possibility of the sofa failing to provide sufficient 
adjustment	 in	the	backrest	and	rotation	angles	to	meet	specific	activity	needs	especially	when	
there is more than one rear passenger, and the low feasibility of a 180-degree rotation of the 
sofa.

6.5
Evaluation of two concepts
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By taking the strengths of both concepts and minimizing their disadvantages, coupled with the 
insights about the space occupation of different activities obtained in Chapter 5, I made the 
following	modifications	to	the	concept:

• Use of thinner vehicle seats (Figure 25, the thickness of the backrest is less than 1.5 inches, 
see Chapter 5) and slimmer dashboard (Figure 26).

• In	usual	situations,	the	standard	four-seat	configuration	is	retained,	capable	of	accommodating	
4 P50 passengers carrying out the 5 key Non-Driving-Related activities comfortably mostly 
within small to medium joint angles. However, when there are only 2-3 people in the car and 
they desire to perform activities such as sleeping, working, or entertainment in the larger joint 
angles, the layout can be adjusted from a four-seater to a 2 or 3-seater to create additional 
space.

• Usage of independent seats instead of the sofa.

• Retaining	the	design	of	the	adjustable	table	that	can	be	elevated	from	the	floor	and	is	situated	
in the middle of the interior, to meet the multiple users' collaborative working, entertainment, and 
social needs,	while	also	enabling	a	change	between	configurations	B	and	F.

Figure 25. Thinner dashboard

Top: thinner dashboard (driving mode)
Bottom: thinner dashboard (non-driving 
mode)

Figure 26. Thinner vehicle seats

Left: thinner seat (thickness < 1.5 inches)
Right: original seat
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6.6
Preliminary car interior design for the future

After evaluating the two concepts in 6.5 and getting suggestions for changes to the model and 
concepts	from	Chapter	5,	I	identified	parts	to	keep	and	parts	to	improve,	and	what	follows	is	a	
preliminary vision of my interior design for the future automated vehicle.

The front seats, when folded, can be moved to and secured in front of the dashboard by means 
of	slides	or	other	devices	on	the	floor,	as	shown	in	Figure	27.	Similarly,	 the	rear	seats	can	be	
moved backward to near the trunk, and no further illustrations will be given here.

Shift from 4-seat to 2- or 3-seat

Figure 27. Moving the front seats to make 4-seat become 2- or 3-seat
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3

5
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Shift from traditional configuration (B) 
to face-to-face configuration (F)

Height-adjustable table

The front seats can be 
rotated 180 to achieve a 
change from a conventional 
seating configuration (B) 
to a face-to-face seating 
configuration (F), and if 
there is not enough space, 
the seats can be displaced 
in the front-back or left-right 
direction before completing 
the rotation.

The design features a table with a 
height adjustable between 70 and 
100 cm ingeniously embedded 
within the floor. This table can 
r ise from the f loor as needed, 
creating a practical surface for 
work, leisure activities, or fostering 
communication among passengers.

Figure 28. Shift from traditional 
configuration (B) to face-to-face 
configuration	(F)
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Figure 29. Table rises from the floor and 
adjust the height between 70 and 100 cm

71



4 passengers scenario

Table 10. Joint angle of activity that can 
be	satisfied	in	4	passengers	scenario

Driving mode
(with a steering wheel  
and a driver seat)

Non-driving mode
(No steering wheel or 
driver seat)

The joint angles for each activity that can be supported in a 4-passenger scenario are shown in 
Table 10. A number of cases were assembled using the corresponding mannequins according 
to this table (the mannequins with the minimum, average, and maximum joint angles for these 
5 activities are introduced in Chapter 3) and categorized according to driving mode (automation 
level), and are displayed on this page.

Communication
(large joint angles)

Communication
(large joint angles)

Communication
(small joint angles)

Communication
(average joint angles)

Looking out of window
(large joint angles)

Looking out of window
(small joint angles)

Communication
(average joint angles)
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2-3 passengers scenario

Table 11. Joint angle of activity that can 
be	satisfied	in	2-3	passengers	scenario

The joint angles for each activity that can be supported 
in a 2- or 3-passenger scenario are shown in Table 11. 
As before, a number of cases were assembled using the 
corresponding mannequins according to the table, and 
are displayed on this page.

Communication
(large joint 
angles)

Entertainment
(small joint 
angles)
Work
(small joint 
angles)

Communication
(average joint 
angles)

Looking out of window
(small joint angles)

Sleeping
(average joint angles)

Sleeping 
flat
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Sleeping
(large joint 
angles)

Working
(large joint 
angles)

Communication
(small joint 
angles)

Entertainment
(large joint angles)

Working
(large joint angles)
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Chapter 7. 
Discussion

7.1	 Reflection

7.2 Future Recommendations
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7.1
Reflection

Design Process

This project underwent several stages: an extensive literature review, an exploratory experiment 
phase, a model-based exploration phase, and a design phase. The entire process followed the 
Double Diamond model, starting from a basic question, and going through four stages: discover, 
define, develop, and deliver, with numerous divergences and convergences, eventually 
culminating in a design vision for future automated vehicle interiors. This allowed me to gain a 
deeper understanding not only of vehicle interior design but also of design methodology.

During the literature review phase, I realized that clarifying research objectives, defining 
eligibility criteria, and selecting the right search strategies and information sources were even 
more critical than quickly obtaining answers to questions. Due to incomplete search strategies, 
I conducted two literature screenings, each involving 2000+ documents. Hence, without proper 
groundwork,	one	might	have	to	invest	more	effort	to	compensate	for	this	oversight.	The	second	
difficulty I encountered in this phase was the unclear definition of clustering principles for 
activities, which made meta-analysis challenging. To obtain more accurate results, the clustering 
principles	could	be	redefined	in	the	future,	and	a	meta-analysis	of	 the	collected	data	could	be	
performed.

In the exploratory experiment phase, the most significant challenge was deciding what tools 
and methods to use for the experiment, what kind of experimental data I needed to collect, 
and how to utilize these data. Initially, I was inclined to use motion capture technology to test 
more subjects, but due to time constraints and accuracy issues with the device, I opted for the 
more	traditional	but	efficient	method	of	directly	measuring	joint	angles	with	a	goniometer	for	six	
participants. The primary reason for shelving the motion capture technology was its location 
drift	issue	and	higher	technical	difficulty.	In	the	future,	if	more	accurate	joint	angle	data	of	users	
performing activities are needed, more precise measurement methods can be used for broader 
participant ergonomics experiments.

During the model-based exploration phase, my first major challenge was to create a human 
body model that truly reflects user comfort postures, using the data I obtained from the 
exploratory experiment. My initial idea was to randomly select some postures and apply them 
to various human models to explore whether the space of the Range Rover Evoque could meet 
their	activity	space	requirements.	This	yielded	some	results,	but	due	to	the	significant	variety	of	
human	models	selected	and	the	impact	of	the	seat	models	used	on	the	results,	I	found	the	final	
conclusions	had	some	flaws	after	evaluation.	However,	it	was	these	very	flaws	that	prompted	me	
to	modify	the	model	and	further	explore	in	AR,	contributing	useful	 insights	to	my	final	solution.	
This	is	the	design	process,	continuous	iterations,	modifications,	and	further	iterations.
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Final concept

The final concept of this project is fundamentally based on the major Non-Driving-Related 
activities (NDRAs) that users might engage in within automated vehicles. The space occupation 
is analyzed based on the comfortable joint angles of the users while performing these activities, 
further designing the vehicle's interior space. Overall, the entire process is well-grounded, with 
the	final	design	being	backed	by	both	theory	and	practice.

However, the final concept is still in its early stages, having only undergone two iterations. 
Due to time constraints, user evaluations of the outcomes were not conducted. This might 
have	 left	some	room	for	oversights	and	missed	opportunities	 for	refining	the	design	based	on	
user feedback. Considering the scope of the project, the research primarily focused on user 
activities and comfort, without taking into account other socio-cultural or commercial factors. 
While this focus enabled a deeper understanding of space requirements for NDRAs, it might 
have	excluded	potential	 influences	or	considerations	from	a	broader	context	 for	example	user	
experience, feasibility, or commercial viability of the design. Additionally, more in-depth research 
on future technology trends was not extensively carried out, potentially limiting the concept's 
feasibility.

Grow and improve

In terms of time management, although the initial literature review faced challenges due to 
the overwhelming volume of tasks, overall, all tasks were successfully completed according to 
plan. A crucial strategy utilized was multitasking, where research, experiment, and design were 
conducted concurrently. This approach had the advantage of allowing continual adjustments to 
tasks based on feedback from other tasks, ensuring a dynamic and responsive design process.

Mentally, I've grown to understand that the design process is a series of failures leading to 
continual improvements. I initially sought perfection from the beginning but gradually realized 
the	importance	of	swift	initiation	followed	by	continuous	iterations	and	refinements.	There	is	no	
ultimate	perfection	in	design;	rather,	it's	about	persistent	reflection	and	improvements	after	each	
process to strive for better outcomes. I also realized that "failure" doesn't necessarily denote 
uselessness. Looking at the process from a different perspective could lead to new insights. 
Therefore, one should not hastily discard the outcomes of each attempt.

As a designer, this was my first experience starting with a literature review, integrating 
exploratory	experiments,	models,	and	other	practical	methods	to	achieve	the	final	design.	This	
process of merging theory and practice, where each complements the other, was enlightening. 
The	use	of	experimental	data	offered	me	a	unique	understanding	of	the	role	experiments	play	
in design, and the application of 3D models made me realize the significance of prototypes. 
Moving forward, I need to persist in this combined approach of theory and practice and learn to 
utilize	technologies	such	as	3D	models	and	AR	more	effectively	to	gain	further	insights.
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7.2
Future Recommendations

Persistence

The most significant outcome of this project is its methodology. This project has successfully 
explored the combination of theory and practice. During the research phase, the literature review 
provided a clear and reliable set of Non-Driving-Related activities (NDRAs) that users might 
engage in while in automated vehicles, which laid a solid foundation for further exploration. 
Moreover, the project utilized the ergonomic experiment and statistical tools to support the 
theories, and it used computer-aided technology for design and iteration during the design and 
rapid validation phase. This methodology or design process is feasible, and it can be used in the 
future	to	research	a	broader	range	of	NDRAs	or	different	user	groups	to	design	car	interiors	that	
meet	specific	activities	or	user	needs.

Improvement

Firstly, there are many aspects of the entire process that can be improved. For example, in 
the literature review, a meta-analysis can be conducted to achieve more accurate results. 
In the ergonomics experiment, a broader range of subjects can be included, more precise 
measurement tools can be utilized, and the experiment design itself can be improved. During the 
design iteration phase, more accurate car and seat models can be used, and user evaluations 
can be integrated into the iterative design.

Secondly, the entire project mainly focuses on designing car interiors from the perspectives of 
activities, space, and comfort. In the future, it will be necessary to combine other aspects such 
as user preferences, business, manufacturing constraints, and socio-cultural factors to integrate 
and develop a more feasible car interior design.
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Appendix B
Time Horizon & Car Dimensions

Time Horizon

Setting a time horizon for designing the interior layout of a self-driving car is critical to aligning the design with the 
rapidly evolving technology landscape, market trends, and consumer needs. 

In light of the prevailing uncertainties in the automotive industry, McKinsey has formulated three scenarios for 
autonomous	passenger	car	sales,	considering	different	levels	of	technological	accessibility,	customer	acceptance,	
and regulatory backing. In the base scenario, car manufacturers release AVs punctually, and consumers adopt 
them at a typical rate. Under these circumstances, it is projected that by 2030, 12% of new passenger cars sold 
will be equipped with L3+ AD features, rising to 37% by 2035 (Deichmann et al., 2023b). In addition, Bansal & 
Kockelman (2017) summarized the predictions for the long-term adoption of CAV technology through a literature 
review. It summarized three types of studies that have forecasted: (a) future-year shares of self-driving vehicles, (b) 
future sales of AVs, and (c) vehicle miles traveled by self-driving cars, shown in Table 12.

It can be found that different scholars and institutions predict the future development of self-driving cars very 
differently.	 It	 is	difficult	 to	give	an	accurate	timeline	because	of	 the	uncertainties	 in	many	aspects	such	as	future	
technology development, designation of laws and regulations, etc. But most of the results show that some level 4 
self-driving cars will reach the market in 2035. Therefore, in this project, I choose to specify the time horizon of my 
project to be around 2035.

Table 12. Summary of forecasts 
by Bansal & Kockelman (2017)
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Car Dimensions

The explanation of the dimensions of the Range Rover compact SUV Evoque were shown in the picture below (from 
book H POINT: the fundamentals of car design & packaging). The car dimensions are from Range Rover Evoque 
website.

Table 8. Range Rover Evoque

Wheelbase
Length, Overall
Height, Overall

Shoulder Room

Shoulder Room

Head Room

Head Room

Leg Room

Leg Room
Front

Second

268.22cm
437.13cm
164.85cm

143.76cm

140.72cm

98.81cm

97.28cm

85.85cm

101.6cm

Pictures from book H POINT: the fundamentals of car design & packaging
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Comfort
I reviewed the literature on comfort and discomfort models, as well as the book Vehicle seat comfort and Design, 
and	obtained	key	findings	to	inform	our	design	process.	These	insights	relate	to	the	joint	position,	range	of	motion,	
body	contour,	environmental	or	emotional	factors,	and	sensitive	areas	that	can	affect	the	comfort	of	the	vehicle	
interior. 

Some important insights are listed below.
• Multi-sensory systems are preferred, as they allow users to focus on their main tasks without sensory interference.
•	Different	activities	necessitate	varying	levels	of	comfort	and	support	from	chairs.
•	Different	body	parts	require	materials	with	specific	properties	to	maximize	comfort.
• Comfort and discomfort scales can be employed to evaluate physical load.
• Pain can be triggered by various physical loads, such as heavy lifting, repetitive motion, awkward positions, and 
prolonged sitting.
• The absence of discomfort does not guarantee comfort; one must surpass expectations to feel truly comfortable.
• Maintaining a neutral joint position is preferred for optimal comfort.
• Comfortable reachability of objects within the range of motion is essential.
• Movement helps to prevent discomfort over time.
•	Alternating	postures	and	engaging	in	other	activities	during	long-distance	travel	is	beneficial	for	health.
•	Increased	comfort	is	achieved	by	better	fitting	the	contours	of	the	body.
•	Comfort	levels	vary	with	different	activities	and	contours.
•	Discomfort	is	linked	to	physical	environmental	factors	such	as	posture,	stiffness,	and	fatigue,	whereas	comfort	is	
associated with emotions and expectations such as luxury, safety, and refreshment.
• Sensitive areas, including the neck, lateral parts of the shoulder, and areas close to the knees, require special 
attention and reduced pressure for optimal comfort.

Users view
Autonomous	vehicles	(AVs)	are	revolutionizing	the	automotive	industry,	promising	increased	traffic	efficiency	and	
reduced accident rates (Bagloee et al., 2016). However, the adoption of AVs depends on consumers' perceptions 
and preferences. This part aims to provide an overview of the public's views on AVs, including concerns and 
preferences,	and	factors	that	influence	these	perceptions,	and	ultimately	guiding	the	design	and	development	of	
these vehicles to better cater to the needs of diverse consumer segments.

Still lack trust
Despite	the	potential	benefits	of	AVs,	many	individuals	are	hesitant	to	relinquish	control	of	their	vehicles.	For	
example, 62% do not want to hand over complete vehicle operation, and 64% prefer to be a supervisor rather than 
a passenger in autonomous driving (Cyganski et al., 2015). Furthermore, 41% would still watch the road even with 
an autonomous vehicle, and 22.4% would rather not drive a fully autonomous vehicle (Schoettle & Sivak, 2014). 
And	there	is	generally	more	concern	about	fully	autonomous	driving	than	L3,	which	offers	limited	self-driving	
capabilities (Schoettle & Sivak, 2014). One reason for rejecting self-driving cars is a lack of trust (Zmud et al., 
2016).	Drivers	may	not	feel	fully	at	ease	engaging	in	NDRAs	due	to	a	lack	of	confidence	about	the	reliability	of	the	
system or curiosity to look at how the system behaves.

A good experience can accelerate acceptance
A good experience of using AV would accelerate acceptance and adoption of the tech and users may spend more 
time on NDRAs. Research suggests that comfort is a potential lever for adoption, with perceived enjoyment and 
perceived usefulness being strong predictors of intention to use self-driving cars (Delmas et al., 2022; Keszey, 
2020). (Fraunhofer IAO et al., 2018) said that the more time spent in the car, the higher the level of acceptance of 
the concept. (Large et al., 2019) used a driving simulator to explore how drivers’ behavior in an L3 autonomous car 
over a week and found that participants directed less and less visual attention to the road scene and more to their 
secondary activity as the week progresses. To enhance the experience users have in autonomous vehicles, there 
is a need to move away from a driver-centered design to a passenger-centered and service-oriented approach 
(Stevens et al., 2019). Besides this, car manufacturers (e.g., Tesla, Audi, Volvo) and technology companies (e.g., 
Google, Apple, and Microsoft) need to enhance synergy and focus on driver safety (Hussain & Zeadally, 2019).

Appendix F
Research on comfort and users view
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Increase the Value of Time
Cyganski et al. (2015) argued that the subjective value of travel time depends on the activities performed during the 
journey. As the level of autonomous driving increases and users are freed from driving activities, they have more 
time for Non-Driving-Related activities, which means the value of travel time increases. Furthermore, increasing the 
value of commuting time could make it more acceptable for people to commute longer distances and live in rural 
areas (Cyganski et al., 2015).

Savvy Commuters
Savvy	Commuters	are	a	distinct	group	of	individuals	who	are	highly	satisfied	with	their	commute,	value	having	
better physical and mental space during their journey, and actively create positive conditions for their trips. They 
prefer engaging in a mix of activities during their commute, such as talking, watching video content, and working, 
and	being	able	to	switch	between	different	things	is	part	of	the	reason	they	are	happy.	Half	of	Savvy	Commuters	
claim	to	regularly	do	3	or	more	activities	during	their	commute,	while	70	percent	of	the	unsatisfied	group	feel	their	
choice is limited to 2 or fewer activities. Additionally, being in control of their arrival time is more important for 
them than minimizing travel time. More than 1 in 4 would be willing to add 20 or more minutes of commute to their 
weekdays if they could improve their experience (consumerlab, 2020).

User preference
Individuals	most	likely	to	adopt	AVs	tend	to	be	young,	male,	technology	adopters,	and	those	who	find	manually	
driven highway journeys a waste of time (Wilson et al., 2022). After being informed of the estimated $3,000 market 
price for self-driving technology, positive responses dropped from 37% to 20% (Power, 2012). This highlights the 
importance of cost considerations in AV adoption. Besides this, The complexity of NDRAs depends on the level of 
automation,	with	suppliers	needing	to	differentiate	value-added	services	based	on	automation	levels	(Fraunhofer	
IAO & Horváth & Partners, 2016). And people prefer to use AVs on highways, scenic areas, less congested streets, 
and while parked (Bansal & Kockelman, 2018).

Privacy
Privacy,	storage	options,	travel	duration,	and	purpose	may	affect	the	attractiveness	of	certain	NRDAs	during	
autonomous driving (Hecht, Darlagiannis, et al., 2020). Activities with high privacy impact, such as making phone 
calls, voice messages, and sleeping, may be less desirable in shared AV environments. And on short trips, people 
tend to watch the surroundings and use smartphones, while on longer journeys, they prefer to relax, work, and 
sleep (Hecht, Darlagiannis, et al., 2020).

In conclusion, the development and adoption of autonomous vehicles depend on various factors, including safety, 
efficiency,	user	perceptions,	design,	trust,	and	acceptance.	A	gradual	transition	towards	full	autonomy,	along	with	
improvements in passenger experience and Non-Driving-Related activities, can help increase user trust and 
acceptance. Demographic factors, cost considerations, and privacy concerns also play a role in shaping the future 
of autonomous driving. As technology continues to evolve, understanding user needs and preferences is crucial for 
the successful integration of autonomous vehicles into society.
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Appendix G
List of requirements

General Assignment Requirements:

R.1.1 The interior design is designed for highly automated or fully automated vehicles 
(specifically,	Level	4	or	Level	5	as	per	the	SAE	automation	levels).
R.1.2 The interior is designed to be made for 2035.
R.1.3 The interior design must conform to the spatial dimensions of the Range Rover compact 
SUV, inclusive of 55.4 inches shoulder room, a 105.6 inches wheelbase (see Appendix B).
W.1.1 The interior design needs to trigger a discussion about user comfort and space usage in 
the automated vehicle interior design.

Preliminary Requirements for automated vehicle interior:

Space
R.2.1 The car interior should be able to accommodate four rotatable seats with specific 
dimensions (height 1064mm, width 450mm, see Chapter 3).
R.2.2 The car interior should accommodate the maximum, average, and minimum comfortable 
joint	angles	required	for	five	essential	activities,	 including	 looking	out	of	 the	window,	working,	
entertainment, sleeping, and talking with other passengers, for P50 users (see Chapter 3).
 The	definition	of	looking out of the window in this context is looking out of the window with 
seat backrest angle between 110 and 130 degrees and seat rotation angle between 0 and 45 
degrees.
 The	definition	of	working in this context is typing on a computer with seat backrest angle 
between 90 and 145 degrees and requiring a desk height of 75 cm.
 The definition of entertainment in this context is watching movies in an iPad with 
seatbackrest angle between 110 and 150 degrees and requiring a desk height of 75 cm.
	 The	definition	of	sleeping	 in	this	context	 is	a	position	of	rest	with	a	backrest	angle	that	
varies from 110 to 145 degrees.
 The definition of talking with other passengers in this context is talking with other 
passengers with seat backrest angle between 110 and 130 degrees and seat rotation angle 
between 10 and 45 degrees.
R.2.3	 The	car	interior	should	accommodate	at	least	one	comfortable	joint	angle	required	for	five	
essential activities, including looking out of the window, working, entertainment, sleeping, and 
talking with other passengers, for P95 users (see Chapter 3  for comfort joint angles).
R.2.4 The car interior should enable passengers to rotate the seats smoothly within a range of 
0 to 45 degrees without any obstructions or interference.
W.2.1	 The	car	interior	can	support	configurable	layout	changes	from	configuration	B	(traditional	
seat	configuration)	to	configuration	F	(face-to-face	configuration)	(see Chapter 3).
W.2.2 The interior can at least incorporate one seat adjustable to a flat sleeping position, 
allowing a backrest angle of at least 145 degrees or even up to 180 degrees (see Chapter 3).
W.2.3 The interior can accommodate a table with a height adjustable between 70 and 100 cm 
for work and entertainment (see Chapter 3).
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Seat (see Chapter 3)
R.3.1 The passenger seats should incorporate headrests with additional lateral support.
R.3.2 The passenger seats should feature foldable armrests.
R.3.3 The passenger seats should include adjustable leg supports.
R.3.4 The passenger seats should have a minimum rotational capability of 45 degrees relative 
to the center axis.
R.3.5 The passenger seats should provide adjustable lumbar support.
R.3.6 The passenger seats should be adjustable to at least 150 degrees of backrest angle.

Safety (Occupant Protection for Vehicles With Automated Driving Systems, (National Highway 
Traffic	Safety	Administration,	2022),	see	Appendix	XXXX)
R.4.1 Each “outboard designated seating position,” including the driver's seat, to have a lap/
shoulder (Type 2) seat belt assembly that conforms to FMVSS No. 209, Seat belt assemblies.
R.4.2 The design of front outboard seats, which do not include manually operated driving 
controls (including those seats that were previously considered as the driver's seat), must 
adhere	to	the	advanced	air	bag	requirements	as	specified	under	FMVSS	No.	208.
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Appendix H
Federal Register: Occupant Protection for 
Vehicles With Automated Driving Systems 
(original text)

103



104



105



106




