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Abstract 
 
MOTIVATION: 
Today’s sustainability challenges are increasingly being addressed 
by Product Service Systems to satisfy customers need’s while 
lowering their overall environment impact. These systems are 
increasingly complex containing diverse artifacts and interactions. 
To provide a holistic solution centered on the human experience 
element, design of product-service systems are best driven by data 
gathered from design thinking methods.   
 
PROBLEM: 
When considering innovation challenges, such as the deployment 
of autonomous electric machines on future construction sites, data 
driven design can suffer from a lack of available tangible user 
feedback upon which to make design decisions.  
 
APPROACH: 
In the case of this study, the development of a scaled down 
construction site structured around generally applicable operations 
was built as a prototype for involving various users in early phase 
development of a HMI for interacting with prototype machines 
built by Volvo CE called the HX01. Qualitative data acquisition 
methods were derived from Design Thinking approaches to 
needfinding including: a questionnaire, unstructured interviews 
and observations.  
 
RESULTS: 
The prototype scale site became a 5 meter x 5 meter semi-portable 
site with 1:11 scale ratio machines including: excavators, wheeled 
loaders and autonomous haulers. The product tested with the site 
was an augmented reality interface to provide a communication 
platform between workers and the autonomous haulers designed at 
building trust to enable collaboration. Test users and observers 
provided feedback confirming the effectiveness of the scale site 
scenario to convey the necessary context of a realistic interaction 
experience. Beyond HMI testing, the site served as a tangible 
artifact to instigate conversations across domain boundaries.  
 
CONCLUSIONS: 
The tangible experiential scenario platform developed displayed 
the capability to go beyond one-way concept communication of 
concepts to customers, by including customers as integral 
participants in the testing of new products/services. For design 
teams, the site can facilitate deeper learnings and validation via a 
shared contextualization of user feedback. The further implications 
may also include: the ability to increase rationale at design 
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decision gate’s assessment of risk in new products and enable the 
identification of emergent issues in complex future scenarios. 
 
KEYWORDS:  
Experiential Prototyping, Empathic Design,  Data-Driven Design, 
Knowledge Sharing, Autonomy, Augmented Reality  



 iii 

Acknowledgement:  
 
This thesis is reflecting two years of knowledge accumulation of 
my masters’ studies in sustainable product service system 
innovation at Blekinge Institute of Technology.  
 
I would like to express my gratitude to all who played a role in 
completing this research. A special thanks goes to my supervisor 
Christian Johansson for providing guidance and encouragement 
throughout the entire process. I would also like to include those 
from Volvo CE who played a role including: Bobbie Frank, Martin 
Frank, Jenny Elfsberg; those from Space Productions who assisted 
in the construction of the site; my team from our 2016 ME 310 
project and all who participated in the testing for providing their 
feedback.  
 
 
  



 iv 

 
List of Figures 
 
FIGURE 1.1.1: NHSTA LEVELS OF AUTONOMY 2
FIGURE 1.2.1 USER INVOLVEMENT IN DESIGN PROCESS 5
FIGURE 2.1.1: FRAMEWORK FOR DRM 7
FIGURE 3.1.1:MODEL OF HUMAN-ROBOT TRUST BUILDING 15
FIGURE 3.2.1: CX.LINK SYSTEM DEVELOPED BY WINQVIST AND TEAM 16
FIGURE 3.3.1: VOLVO GROUP STAGE GATE PROCESS. 17
FIGURE 4.1.1: SCALE SITE 20
FIGURE 4.1.2: HAULER AND WHEEL LOADER OPERATION ON SCALE SITE 20
FIGURE 4.1.3: HAULER AND EXCAVATOR LOADING OPERATION ON SCALE SITE 21
FIGURE 4.1.4: VISUALIZATION OF DESIRED AR INTERACTION. 21
FIGURE 4.1.5: DEPLOYED HOLOLENS INTERFACE TESTING LAYOUT 22
FIGURE 4.3.1:QUESTIONNAIRE RESPONSES TO AR EXPERIENCE 23
 

List of Tables 
 
TABLE 2.1.1: DESIGN RESEARCH TYPES, FROM [23] 8
TABLE 2.1.2: FLOW OF DESIGN RESEARCH CONDUCTED. 8
 
  



 v 

Nomenclature  
 
Product-Service System (PSS) 
A system of products, services, supporting networks and 
infrastructure that is designed to [be]: Competitive, Satisfy 
customer needs, & Have a lower environmental impact 
than traditional business models 
 
Human Machine Interface (HMI) 
A component of certain devices that are capable of handling 
human-machine interactions. The interface consists of hardware 
and software that presents information to an operator or user and 
allows user inputs to be translated as signals for machines to 
provide the required result. 
 
Experiential Prototype (EP) 
The experiential aspect of whatever representations are needed to 
successfully (re)live or convey an experience with a product, space 
or system. 
 
Design Research Methodology (DRM) 
A methodology that constitutes the blueprint or the roadmap for 
the collection, measurement, and analysis of data. 
 
Augmented Reality (AR) 
A technology that superimposes a computer-generated image on a 
user's view of the real world, thus providing a composite view. 
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1 INTRODUCTION 
 
As companies world-wide begin to identify sustainability as a strategic 
opportunity, traditionally dangerous and carbon intense industries like 
construction are embarking on ambitious goals like Volvo Construction 
Equipment’s Triple Zero goal of: Zero unplanned stops, Zero emissions 
and Zero accidents [1]. Achieving these goals requires technical 
innovation coupled with the exploration of radically different business 
models to empower all construction stakeholders to capture more value 
while incurring lower social and environmental costs.  
 
Volvo CE exemplifies the new trends in climate-conscious 
construction through two parallel approaches:  
 

1. A technical research focus on autonomous-electric vehicles and 
full site optimization  

2. A business model investigation of Product Service System 
(PSS) Offerings and Circular Economics  

 
The first path supports increases in overall resource efficiency while 
the second facilitates a litany of benefits to the company including: 
forging closer relationships with customers, value added services to 
escape the cost-cutting swamp and reductions of waste throughout the 
lifecycle. The PSS also enables capture of previously scarce lifecycle 
data to drive further incremental optimization and potentially radical 
innovation. 
 
Automation in manufacturing has long been a staple to increase 
productivity, quality and safety. The transportation sector, in recent 
years, has aggressively pursued autonomy for the same benefits.  Yet, 
the construction industry, as a whole, has been reluctant to cultivate an 
autonomy-friendly landscape to reap the potential gains from its full 
implementation. Sources of this reluctance can be traced to unique 
characteristics of construction sites operating in a constant state of flux 
requiring highly adaptive decision making and collaboration between 
both machines and humans [2]. 
 
Automation is structured by the degree of control shared between 
operator and machine from not autonomous at all to fully autonomous 
by the NHTSA (see Figure 1.1). Currently operating construction 
vehicles regularly integrate features up to level 2 [Volvo brochure] in 
the form of automated drivetrains and loading functions. Rare test sites 
run level 3 and 4 equipped material haulers for long range driving in 
remote large-scale construction [Hitachi, Cateplilar]. As level 3 and 4 
equipped machines progress in capability it will become inevitable for 
them to be deployed in closer proximity to human workers.  
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Figure 1.1.1: NHSTA levels of Autonomy 

 
In the transitional time from semi-autonomous functional machines to 
fully independent construction sites, humans will perform active roles 
in the process. The foresighting conducted by Winqvist (2016) and 
team identified two major drivers for the perpetual inclusion of humans. 
One reason is while nearly all tasks are ripe for automation, not all tasks 
are cost effective to automate at this point, the sweeper and the trash 
collector for example. The second constitutes a lack of trust in 
automation to complete complex jobs safely and to the customer’s 
satisfaction since autonomous machines can be as inherently flawed as 
their human designers. Translated this requires humans to remain on 
site through the transition as mangers, engineers (quality and 
maintenance), surveyors and niche operators.  
 
During the conversion of intensely manual operations into increasingly 
automated environments, the roles of humans and machines evolve into 
collaborative partnerships more resembling fellow co-workers rather 
than human and tool. Examples from the third and fourth industrial 
revolution include, the automated production line workers and their 
automated welding and assembly robots or Astronauts in the 
International Space Station benefiting from automation of complex 
onboard task [3]. This new type of relationship requires new avenues 
for communication. Numerous researchers are currently investigating 
the psychology behind human-machine interactions [4, 5, 6, 7], and 
much of the work addresses the challenge by comparing how humans 
and machines interact in comparison to how humans interact with each 
other. Bickmore and Cassel (2001) summarize a symbiotic path 
forward for Human-Robot Collaboration:  
 

“By building off of human-human interactions, autonomous 
systems in industrial areas like manufacturing plants or space 
applications are evolving to the point where they can be relied on 
as teammates instead of replacements. With this approach to 
integrating autonomy, humans have been shown to be more 
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receptive to robotic instructions when there is some dialogue 
taking place between human and machine” (pg.2) [8]

Both Bickmore et al., (2001) and Robinette et al., (2013) support the 
notion that in order for robots to function as teammates, similar to
human to human relationships, shared trust is a key factor in overall 
productivity [8, 9]. Some, in this field, replace the word trust with 
“reliability of intention to action”. In our context it is both this and the 
purely human experience of trust as it pertains to the emotion response 
elicited between human co-workers.  

1.1 Autonomous Teammates Need an Interface 

Established examples of autonomy can be found in package logistics, 
manufacturing, airplanes and automobiles. Here, autonomy has been 
added as a layer where a human is still in an operator’s position with 
final control over the system. Meaning, most Human Machine Interface 
(HMI) investigations have been centered around “ergonomics of 
cockpits” and the display of task relevant information.  

 
Figure 1.1.2: Volvo CE HX01 Prototype on display 

Machines such as Volvo CE’s HX01 (seen above in figure 1.1.2) are 
some of the first to be designed for the highest level of automation 
eliminating the cab entirely and effectively migrating the operator out 
of their safe nest. As mentioned above, trust is paramount to effective 
collaboration with coworkers of any kind [10]. People are generally
confident communicating with drivers and machine operators they 
have never met via “eye contact” and non-verbal methods. This is due 
to an unconscious belief in a fundamental level of human morality to 
“do no harm” [11]. Autonomous vehicles on public streets have 
attempted to implement various solutions to recreate this feeling for 
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pedestrians with lights [12], sounds [13], and displays [14]. Unlike cars 
on the street, flagship construction sites that test autonomous vehicles 
are closed systems where employees and visitors can be homogenously 
outfitted with equipment. This allows the problem to be approached 
from the worker’s perspective by implementing tailored 
communication hardware as a standard.   
 
Safe deployment of new technology requires rigorous testing to ensure 
reliability and user trust by eliminating type I and type II errors [15, 
16]. Autonomous electric vehicles on future construction sites are not 
an exception, potentially needing dubious amounts of testing, due to 
the skepticism surrounding autonomy in general [17] and higher 
scrutiny of technologies perceived to replace human labor.  
Furthermore, construction sites can employ hundreds of workers with 
varying levels of technological competence. Any worker-centered HMI 
strategy including new hardware must adhere design thinking 
philosophy of “failing early and failing often”, or risk expensive late 
stage design changes.  
 
1.2  Autonomous Equipment Development 
 
Autonomous construction scenarios will consist of complex and 
dynamic interactions with converging hardware and software, spaces 
and services resulting in an unknown hybrid interaction of new and 
original artifacts. Buchenau and Suri (2000) emphasize this type of 
unknown terrain demands new design approaches, specific 
considerations and, ultimately, the design of integrated and holistic 
experiences set in context, rather than of individual artifacts or 
components. Design thinking, as defined in the following quote by 
Dym, Agogino, Eris, Frey and Leifer (2005), is uniquely adept at 
addressing the human variable in complex systems of high design 
ambiguity. 
 

“Engineering design is a systematic, intelligent process in which 
designers generate, evaluate, and specify concepts for devices, 
systems, or processes whose form and function achieve clients’ 
objectives or users’ needs while satisfying a specified set of 
constraints.” (p. 104) [19] 

 
Design thinking has constantly evolved to emphasize the pursuit of user 
empathy via user involvement in the earliest stages of 
conceptualization. Figure 1.2.1 visualizes this evolution as a series of 
potential intervention points for user involvement.  
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Figure 1.2.1 User involvement in design process, from [20]. 

Within the design process, prototyping is an essential technique 
designers employ to add context to the user testing experience. Neely 
D. Gardner for example, advocates a “prototype should not be a 
simulation of the change but an actual implementation of the critical 
parts of this change” (pg. 169) [21].  

In more complex systems, Experiential Prototyping (EP) empowers 
design teams to engage with these new problems in new ways by 
providing contextualized experience for trans-disciplinary design 
teams to build a shared foundation of user empathy around the 
changing scenario [18]. Here the designer and user engage as
collaborators in artefactual prototype experiences, together developing
knowledge and understanding in order to generate appropriate 
solutions for real needs.  

These experiences, initially, are basic and low fidelity for concept stage 
decisions before evolving into higher fidelity functional systems 
resembling in look, feel and function the final product/service. The 
main objective here is to have many small, low-impact failures to occur 
early resulting in faster learning about what does and does not work 
and why [22]. This become even more relevant when working with 
construction equipment where high fidelity prototypes are built in very 
low quantities restricting access for both testing and external 
communication. 

1.3  Aim  

The aim of this thesis is to explore the key factors required for a scaled 
down and technically flexible Experiential Prototyping platform to 
serve as a support tool for iterative empathetic design. Particularly, in 
the development of communication channels between autonomous 
construction vehicles and human co-workers. 
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1.4  Research Questions 
 

• How can product development be supported with a tangible 
scaled-down platform for simulating user scenarios? 

o How can scaled down prototype scenarios provide 
contextualized user testing experiences to guide 
product development?  

o What impacts can such a testing platform have on the 
communication of early phase concepts to potential 
customers? 
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2 Method 
 

The methodological approaches and strategies presented in this section
form the building blocks of the research as a whole. They are modified 
where needed to fit together to provide maximum research value.  

2.1  Design Research Methodology (DRM) 

Blessing & Chakrabartri’s (2009) DRM provides the main 
methodological vessel for this master thesis [23]. The iterative 
approach provides a systematic path to distill research outcomes 
through continuous loops of refinement and justification as 
depicted in fig 2.1. 

 
Figure 2.1.1: Framework for DRM, from [23]. 

Depending on the needs of the research, some of all of the stages are 
required to achieve the desired outcomes. Thusly, seven main paths 
exist and are depicted in table 2.1.1. Within these paths each stage can 
be approached three different ways, depending on the availability of 
related knowledge or the strength of the assumptions used. The three 
ways are: 
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• Review-based: Execution of the stage is based entirely on 
literature 

• Comprehensive: Stage is executed based on literature and 
empirical study to develop a design to evaluate 

• Initial: Punctuates the project providing results and outcomes 
prepared to be used by others. 

Table 2.1.1: Design research types, from [23] 

The DRM is built on an iterative approach where the researcher 
follows the flow of evidence acquired from each stage. In this study, 
existing domain knowledge is mainly adjacent to the desired 
application area. Resolving the approach to adapt the predefined 
seven paths put forth by Blessing and Chakrabarti (2001) to reflect 
the requirements of the research. The progression best resembled the 
following in Table 2.1.2.   

Table 2.1.2: Flow of design research conducted. 

 

2.2 Research Clarification 

This stage is crucial for establishing explicit goals who’s’ impacting 
factors are backed by validated knowledge as opposed to assumptions. 
For this project, part of the clarification includes previous involvement 
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with a research project [24] to provide context for the proposed 
technology platform as the starting position. Coupling literature-
backed goals with experience gathered through interviews and 
observations is critical to the design thinking technique [25, 26]. 
 
2.2.1 Descriptive Study I (DS-I) (Initial) 
 
The second stage attempts to investigate a particular phenomenon 
through empirical study supported by findings in available literature. 
Empirical data can be qualitative or quantitative depending on the 
measurability of the success criteria for the intended impact model. The 
field of study, in this research, exists primarily in theoretical 
environments and machinery. The aim of the study was to provide 
tangible interaction experiment for clarification of the existing situation 
before determine desirable success criteria. Achievement of the aim, 
required creating an early prototype as a sample support tool, off of 
which, empirical data could be gathered. Thus, this stage was 
approached as an initial study aimed at defining the problem to provide 
guidance on the specific problem to base the prototype around.  
 
2.2.2 Prescriptive Study (PS) (Initial) 
 
The third stage consists of a prescriptive study, typically a phase where 
empirical data is tested in context to provide a deeper understanding of 
the existing situation and clarity of the visionary ideal situation. 
Progression of this research obligated the third step to be an initial 
prescriptive study providing the outcomes informing a loop back to 
complete a comprehensive DS-I. The physical support platform was 
used to clarify the issues around current prototyping strategies in 
construction industry by running an applicable approach from literature. 
The experiential prototype testing provided the necessary empirical 
data via feedback questionnaires, interviews and observations.  
 
 
2.2.3 Descriptive Study (DS-I) (Comprehensive) 
 
Looping back to a comprehensive DS-I was necessary to synthesize the 
evidence-based evaluation with further literature review. Analysis of 
all experimental and researched data provided a necessary 
understanding of the existing situation. Confident with a new ideal 
situation and potential success criteria to measure further development, 
guidance on the platform as a broader support tool for product 
development is discussed.  
 
 
2.3 Literature Research 
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Using the DRM sets a strong emphasis on conducting literature review 
to set the stage in the research clarification, as described above. This 
method is especially valuable in this research’s attempt to distinguish 
past trends and forecasting future models [27]. Researchers use 
reference models and ARC diagrams to guide logical reasoning in 
exploration of the logical relations among objects targeted in the study.  
 
Literature research was conducted in two main phases. First, to identify 
driving experience factors to be tested in the prototype. Second, as an 
investigative process, prompted by reflecting on information gathered 
during the prototype sessions via observations and interviews. 
Keywords were plucked from insightful quotes captured in both formal 
post user testing interviews and informal conversation documentation 
from the crowd. Prompted the sampling of journal databases for case 
studies and articles primarily on Experiential Prototyping, Empathic 
Design, Ethical Design and Pull Driven Design.  
 
2.4 Data Gathering 
 
Several complimentary techniques were conducted to garner user 
perspectives on their experience. All conversations, interviews and 
observations were centered around the prototype experience. For the 
purposes of providing validity and strength to the findings, interviews 
and observations were coupled to enable participants to convey how 
they would “like” the experience to run and observe how they actually 
attempted to interact with the prototype artifacts. 
 
2.4.1 Experiential Prototyping  
 
Prototyping as a verb is a key activity in the design thinking tool kit 
also referred to as “rapid-prototyping”. We have all heard the saying, 
“a picture is worth a thousand words”, the designers at IDEO take it 
one step further with their saying, “if a picture is worth a thousand 
words, a prototype is worth a thousand meetings”. Furr and Dyer (2014) 
assert that while rapid prototypes may sound like old news, they mean 
that this method has a fundamental role in hypotheses validation. Fast 
feedback, new inputs and a hands on experience are readily available. 
They also discovered that in some cases it can be beneficial to fake the 
capability of a product if the experience is your key point of 
investigation [14]. 
 
Larsson and Johansson (2015) identify three distinct types of 
prototypes: visual, tangible, and experience [25] prototypes. ME310 
prototyping guidelines [29] provide further detail and classification in 
order of progressive fidelity by defining the categories as: feels-like, 
looks-like, works-like, is-like. The author defines each category as 
follows: 
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A feels-like model is usually made for ergonomic reasons. How does it feel 
in your hand? How heavy is it? But it can also be subtler: how does it feel 
to have the device in this configuration? Feels-like models often don’t 
resemble the finished concept in appearance or material, although 
material choices can often affect feels-like testing. Feels-like models are 
often made in multiples, with slight variations, so quick modeling 
materials are useful (cardboard, foam). Feels-like models are often called 
“ergonomic models”. 
 
A looks-like prototype is just that; in appearance, it looks like what you 
want. Appearance models are usually not functional. A functional 
appearance model is described below (is-like). Looks-like models are 
called “appearance models”, and industrial designers are famous for 
them. 
 
Works-like prototypes test and communicate ideas about functionality. 
They may be ugly, or not. Critical components are tested in works-like 
prototypes. Because they test functionality, they should resemble the 
“engineering” of the concept as closely as possible. For example, lighting 
prototypes should be done with the appropriate lighting (bulb size, power 
source, etc.). Works-like models are also called “functional models” 
 
An is-like prototype combines all the types above: looks-like, feels-like, 
works-like. If it looks like a duck, and walks like a duck, and squawks like 
a duck, it must BE a duck! These types of models are clearly the most 
complex and time consuming. They are often slightly different than a 
“production” piece, sometimes better looking yet not quite functionally 
identical.  
 
EP techniques endeavor to accomplish three goals towards addressing 
the problem: Understanding existing user experiences and context, 
Exploring and evaluating design ideas, and Communicating ideas to an 
audience [18]. Overall, the venture of prototyping is to gather 
information to help in the decision-making process of design. 
Methods for capturing the information comes in many forms. In this 
research, the researcher conducted post usage informal interviews 
with a short qualitative questionnaire and observations to be 
described below.  
 
 
2.4.2 Questionnaire 
 
In the application of prototype feedback, questionnaire data helps 
researchers ascribe semi-quantitative values to specific points of the 
experience [30]. The type of questionnaire conducted in this research 
is a questionnaire with 3-point Likert scaler questions used to scale the 
responses from users. The scale enables users to define their intensity 
of feelings for the given items [30]. For this study it was applied as a 
means to verify the underlying feelings the experience intended to 
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illicit. The questionnaire’s narrow range of the available responses 
reflects the low fidelity resolution of the Augmented Reality (AR) 
experience. Data gathered from this method is considered an additive 
validation of the presence of desired experiential elements within the 
prototype, not as the fundamental basis for empathetic learning. 
 
 
2.4.3 Interviews 
 
Within design research, often the most important knowledge gathered 
is emergent to the situation under investigation. In a constantly 
changing landscape, researchers must include methods to capture both 
the intended information on the problem as well as unexpected insights. 
Interviews can be a strong tool to extract this data from stakeholders. 
They imbued the researchers with an understanding of how the users 
understand their work while simultaneously providing an analysis of 
the goals of the research.  
 
Qualitative interviews, involving prototype feedback, offer an 
advantageous mechanism for setting the stage with the interviewees by 
providing tangible context utilizing the prototype as the guiding artifact. 
However, respondents can become biased to provide researchers with 
responses that they think support their research. A way to avoid this 
type of bias is to exercise an informal, conversational interview style 
[31].  
 
The informality of the approach drives the respondents to provide more 
personal insights. This is achieved by asking open questions in a 
relaxed manner with no clipboard in hand resembling a conversation 
instead of an interview. In this study the researcher employed an 
assistant conducting the questionnaires so the researcher would not 
resemble a researcher looking for answers, instead just another 
interested party who wanted to talk about the experience we were 
sharing. After each conversation pertinent quotes and implied 
sentiments were discreetly recorded in a phone before continuing to 
moving through the crowd.   
 
2.4.4 Observations 
 
Users rarely name the intangible attributes of a product in interviews 
or questionnaires, but these constitute an emotional connection during 
the prototype user experience. Design thinking borrows ethnographic 
observational techniques from anthropology to identify unarticulated 
or latent user needs they do not consciously know to articulate [32].    
 
Observation involves a researcher viewing users as they work in a 
field study or interact with a prototype, and taking notes on the 
activity that takes place. Observation may be either direct, where the 
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investigator is actually present, or indirect, where the users are 
unaware of being observed. Once captured, the knowledge gained 
must be rendered into needs to provide data that lasts longer that only 
the spoken word or the observation of a certain event [32].  
 
During the prototyping experience demonstrations, users were 
observed indirectly, meaning it was not made clear to them official 
observations were being conducted. This was to not alter the 
participant’s behavior or identify the researcher to the crowd of other 
potential participants involved in a study.  
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3  Literature Review  
 
The literature review is distributed in three sections. The first two 
reflect an aim to understanding and identify the initial factors to test in 
the PS stage prototype experience. This required review of journals 
encompassing HMI, Automation, Design and Psychology. Future work 
suggestions found in a colleague’s master’s thesis served as a reference 
basis for the initial interface platform design. The third section is the 
product of insights gathered during the PS user testing. The prompted 
keywords and journals are found in section 2.2.  
 
3.1 Human Machine Trust Development  
 
There is a constant flow of new technology research concerning 
robotics and automation [33, 34, 35]. Clear attention is being paid to 
the factors and impacts of trust in today’s automated/robotic 
collaborative partnership landscape. For example, in automobiles, 
designers include complex networks of autonomous features to 
simplify the driving experience. However, users frequently trust these 
features without understanding the ideologies or mechanisms behind 
them [33]. Here, drivers are putting their lives in the hands of 
technology that is unidentifiable to them, yet they trust it to keep them 
safe. Horswill and Costa (2002) attribute much of this is due to driver’s 
extreme sensitivity to observation of system performance in terms of 
capability and reliability.  Plainly, if the driving experience is 
consistent with the degree to which a driver is accustom, they gain 
confidence in the outcome of the interaction [36].  
 
As depicted below in Hancock, Billings and Shaefer’s trust model 
(figure 3.1.1), the underlying factor for building trust in a mechanized 
co-worker, is the number of repeatedly successful interaction outcomes 
over time.   
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Figure 3.1.1:Model of Human-Robot trust building, from [10]. 

Some factors for deep trust development lie on the human side as well, 
but from the machines it is derived from the inclusion of multiple 
human desired factors including desire of constant feedback, feeling in 
control, reliability, durability, capability and understanding of both 
components and intentions [10, 15, 16, 33, 37]. 

3.2 Autonomous Partners on Future Construction 
Sites 

Very few studies cover areas concerning trust development and 
communication, as it relates to autonomous vehicles, in the 
construction domain. Pioneering research in this field was conducted 
by a team collaboration the researcher was a part of in 2016 between 
Stanford, BTH, and Volvo CE–summarized in the thesis by David
Winqvist [24]. The foresighting conducted by Winqvist and team 
discovered that roles for humans on future construction sites will 
increasingly involve collaboration with autonomous vehicles. Both 
Hancock [10] and Winqvist [24] purport that collaboration with new 
partners will require fundamental trust to be established in order to 
obtain the desired increases in productivity and safety.  

Through iterative prototyping, the team developed a suite of 
components working in unison to provide a communication platform 
supporting each of the factors involved (illustrated below in figure 3.1).  
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Figure 3.2.1: CX.Link system developed by Winqvist and team, from [24]. 

 
The three central components are a helmet-based indicator system, a 
machine-based indicator and a wrist display for more detailed 
information sharing. While each individual component was essential, 
it was determined that the greatest amount of value can be derived from 
the overall reliability of the system. To reach a streamlined 
combination of all components, Winqvist [24] used evidence from their 
study to recommend future research investigations to pursue the 
application of an augmented reality platform.   
 
3.3 Prototypes Beyond Prototyping 
 
Collaborative design, including innovation engineering and PSS design 
in Large Corporate Entities, involves interfacing between distinctly 
different knowledge domains Mont (2002). Each discipline, or 
department in a company context, employ their own terminology and 
valuation of decision criteria during the product development process 
[38].  
 
Formal product development projects utilize some form of stage-gate 
process (see figure 3.3) based on Cooper’s (2001) model to divide 
decision making into sequential events “gates”. This method is 
expected to reduce the risk associated with new products by evaluating 
at each gate [39] to:  
 
• “Proceed” if project meets expected criteria at specified gate 
• “Recycle” if product is promising, requires further validation  
• “Kill” if it is not successful and further work is not justified 
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Figure 3.3.1: Volvo Group Stage Gate Process, from [40]. 

In corporate managed technology development, gate meeting 
committees make the decisions. As Kastensson and Johansson (2011) 
unsurprisingly discovered, “cost and time hold an important place in 
the meetings”(pg. 148). However, the amount of cost and time is a 
factor of the perceived risk associated with new concepts [39]. Crucial 
challenges in this gated decision-making process reduce the decision 
maker(s) rationality and objectivity.  

In the absence of perfect knowledge, bounded rationality is exercised 
raising concerns with the fitness of decision maker’s complimentary
knowledge sources and assets [41]. Objectivity is also questioned since 
it has been found instinct or “gut” feelings are used where gaps in their 
knowledge base occur. Much of the “gut” instinct is built on tacit 
knowledge from personal previous experiences, which may be out of 
date or irrelevant to the case at hand [39] leading to an increasingly risk 
adverse attitude towards new concepts outside of a company’s 
traditional product line.  

Johansson et al., (2011) advocate the use of, amongst other things, 
Boundary Objects (BO) to support cross-boundary discussions at the 
gate and ensure that any potential risks related to limitations in the 
knowledge base can be identified and mitigated [41]. A boundary 
object can be an artefact capable of serving as an enabler to reach a 
shared understanding between different individuals or groups. While 
being excellent vehicles for cross-boundary discussions another key 
characteristic of a BO artifact, as identified by Star and Geriesemer 
(1989), is the possibility for local groups to adjust them to their own 
needs, elaborating on them to create descriptions able to support work 
that is not interdisciplinary [42]. In essence BOs should serve to 
increase the breadth of understanding while also facilitating deeper 
learning.  

Using the above description and statements in section 2.3.2, a 
prototype can take on the role of a BO if the it is designed with the 
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intention of being a flexible platform for experiential leaning in a 
contextualized environment. It will then transcend the function of user 
design feedback, taking on the capacity for communicating the value 
of conceptual designs between departments inside the organization. 
Ultimately, BO prototypes would increase the knowledge maturity of 
pertinent decision makers and empower others to expand on the 
concept with their own expertise.  
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4 Results 
 
Various drivers causing effective collaboration between humans and 
autonomous machines were uncovered. These drivers were initially 
drawn from literature review on construction application adjacent case 
studies in the area of automotive autonomous vehicle and pedestrian 
communication. Guiding investigative work conducted by Winqvist 
[24] and team in a collaboration with Volvo CE inspired the focus on 
the AR technological platform. Review of literature on design thinking 
provided EP as the approach best suited to provide the context for users 
in a theorized autonomous site and a prototype machine (of which two 
are built) [18]. Experiential Prototyping is not normally found in the 
construction industry, but it was essential when the goal is a large 
number of diverse users interacting with a limited edition prototype 
designed for a hypothetical construction site.  
 
Building the prototype site was initially requested by Volvo CE as a 
toy display “machine playground” for convention users to play with or 
watch automation complete tasks. Further refinement of the vision 
resulted in preparing the site as a research platform and customer 
communication tool. The stage was set then to build the HMI prototype 
scenario as a means of testing the assumptions surrounding the 
investment in a high fidelity scaled prototype. To bolster the design 
intuition from the prototype, feedback from the test users and audience 
members proved critical to confirming the hypothesis and providing 
insight into future work.  
 
 
4.1 The Prototype  
 
To construct an effective prototype experience flexible enough to test 
a variety of interface functionalities, generic scenarios from real 
construction operations were needed. Collaborating with Volvo CE’s 
marketing department provided the necessary relevant activities to be 
included in the prototype.  
 
Most research into high fidelity testing of autonomous vehicle intention 
communication and pedestrian interaction create scaled functional 
machines based on golf carts or smaller vehicles [14, 12, 13] in order 
to have an artifact for testing a range of interfaces or interaction 
techniques. In contrast, an autonomous construction site will involve 
multiple machines collaborating to complete specific tasks [2], 
requiring humans to process information from multiple sources 
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simultaneously. Translated, this implies that a single machine
prototype will not create the contextual environment to an adequate 
degree of realism for the user.  

To tackle this, the developed prototype platform consisted of a 5m x 
5m scaled down site (figure 4.1.1) including two autonomous haulers’
loading and dumping interactions (figures 4.1.2 & 4.1.3) typical of a 
quarry or mine operation. 

Figure 4.1.1: Scale site. 

Figure 4.1.2: Hauler and wheel loader operation on scale site. 
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Figure 4.1.3: Hauler and excavator loading operation on scale site. 

The machines were 1:11 scale remote control versions of Volvo CE’s 
currently available EX01 excavator and LX01 wheel loader concepts, 
with the addition of the prototype HX02 autonomous hauler. To best 
reflect the reality of the operation, loading machines (excavator and 
wheel loader) were left as remote control machines while the HX02s
were fitted with sensors, control boards and communication devices to 
enable an autonomous experience for the user. This setup was the base 
of the entire prototype, tangible machines operating in a typical 
construction environment to communicate the potential future of 
human operators collaborating with autonomous haulers.  

Building off the work from Winqvist [24] and team, a Microsoft 
HoloLens [43] was acquired to build a functional prototype of an AR 
interface from the perspective of a future site manager. The goal was 
to create the visualization depicted below in figure 4.1.4 using object 
detection to prompt an interface panel with machines and gesture 
recognition to initiate control functions.  

 
Figure 4.1.4: Visualization of desired AR interaction. 
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The modifications to available object recognition libraries that created
this base platform were conducted by George and Nish [44]. Features 
were narrowed to focus on the core interaction required to test the 
hypothesis of this research. Resulting in a HoloLens application that 
could enable voice commands for haulers in operation to override the 
simulation with basic functions and display an information panel with 
fictional data. (fig 4.1.5)  

 
Figure 4.1.5: Deployed Hololens interface testing layout 

4.2 User Experience Investigation  

The user experience investigation was conducted during the larger 
event on the BTH campus known as the Innovation Days in May 2017. 
It included a few hundred people there to share innovative concepts and 
products. The crowd included construction equipment operators,
professional engineers (mechanical, software, electrical, design and
more), students (graphic design, engineers, computer science, 
sustainability, nursing, data science, and more), marketing people and 
professors (in various subjects). Based on the variety of event attendees, 
it is assumed the audience members had varying levels of technical 
competence providing a relevant sample of those who would could
potentially use the product being tested. 

Feedback for the prototype consisted of a post usage questionnaire 
administered by an assistant, with interviews and observations being 
conducted by the researcher.  

4.3 Questionnaire Feedback  

Questionnaire questions were designed to measure emotional 
responses to the drivers identified in literature review and previous case 
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study [24]. The lack of available response variables narrowed the range 
of data per question. This was intentional, responses indicated the 
presence of the desired emotional components to the features available
from the user’s perspective. The questions asked were: 

 
The responses of 15 respondents are gathered in the Graph 4.3.1 below.  

 
Figure 4.3.1:Questionnaire responses to AR experience 

The 15 respondents do not make for statistically significant quantitative 
data, but basic trends in the response create useful qualitative data. 
Lowest scores were found in the perceived realism of the scale site. 
Interview questions confirmed this stemmed from the RC controllers
connected to the scale wheel loader and excavator being seen as “toys” 
more so when combined with low skilled drivers demonstrating 
“unrealistic operations” that would create “unsafe and inefficient 
performance”.  

Responses to questions 1-4 indicated an optimistic attitude towards the 
HoloLens AR platform as an interface. Some functionality issues 
occurred with too much backlighting causing difficulties in viewing the 
information panel and noise in the area interfering with voice command 
feature. The main functionality observations from the experience 
highlighted a difficulty in usage of the HoloLens gesture control. 
Opening the app and navigating the native interface was the largest 
usability issue for those who experiences any difficulties.  

p p g p
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4.4 Interviews and Observations 
 
Interviews, in the unstructured format they conducted, more resembled 
conversations. Some occurred with people who knew the researcher 
was responsible for the site demonstration while others just shared 
conjecture about what they were witnessing and how they interpreted 
it without guidance or explanation. Here I will highlight the 
conversational nuggets best resembling the sentiments of conversations, 
both conducted and overheard.  
 
Not shockingly, most conversations started with the question, what is 
it? The researcher answered this question the same to all who asked, 
describing it as “A scaled site demonstration platform for autonomous 
vehicles in construction operations, currently being used to test HMIs 
with the autonomous haulers”. Following this description people either 
totally disengaged or became curious at the word “currently”. Suddenly, 
people began to give their own interpretations for its potential function.  
 
On such quote include the concept of aligning the user involvement 
with collaborative actions between humans and autonomous machines 
not just other humans, “you should find ways to include more users 
interchangeably, like an MMO game”. This would allow more people 
to craft more unique individual experiences with the same equipment. 
Expansion and immersion of the user experience was addressed by the 
following two quotes, “okay, well how will people in the machines 
communicate with those autonomous ones?”, “It would be more 
interesting to drive the manual machines from that simulator” 
(referring to a Volvo CE wheel loader operator simulator). While this 
functionality would create functional training mechanisms they also 
enrich the context of the user experience. Adding these dimensions to 
the site could serves as a bridge to acclimate humans to the 
collaborative nature of future semi-autonomous sites.  
 
Some key quotes revolved around the autonomous demonstration site 
activities and features. While watching the machines perform tasks, 
someone logically scanned to see who was controlling them, they asked, 
“So, nobody’s driving that right now?” in reference to the hauler 
running its route. The answer was no and to their delight the concept of 
the site became one of the future, not just a playground with fancy toys. 
Additionally, while observing HMI testing a spectator was curious 
about the verbal command over the haulers, they were not aware of 
how much control or when the connection was active in their question, 
“Is the machine listening to me?”. These questions reflected the 
designed features for testing trust derived from the functionality in the 
HMI features.  
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Other’s statements captured the observer’s perception of the real 
operations being simulated. Due to the scaled down nature of the demo 
site, perspectives were automatically shifted to reflect theorized future 
collaborative roles captured in this quote, “I feel like a site manager 
staring down at the operation”. This theme gained traction building off 
the genuine interest in the future scenarios of construction. Curiosity 
about the infrastructure requirements came in questions like, “How 
long can the real ones run for?” and “where and how do they charge 
up?”. This even expanded to the HMI potential with feedback about its 
real roll out features in the quote, “If they were real I’d like to see more 
granular data on the interface”. This kind of comment shows the users 
immersing themselves in the future usage.  
 
A benefit of the venue event forced all attendees to wear badges 
indicating what company they were with allowing for identification of 
individual’s area of expertise. Observations involved people from 
different disciplines having discussions about real world 
implementation of the technology. These interactions included both the 
technology being simulated and the display experience itself. Some 
marketing people really saw the “potential for communication to 
customer segments”, hardware and software engineers debated “how 
to address the IoT challenges”, progressive machine operators saw a 
way to “train on interacting with machines of the future” and designers 
tended to focus on the “ability to contextually engage users in future 
problems” away from the actual construction site.  
 
The observations and quotes above depict the segment of positive 
responses. Negative feedback in constructive direction proved 
validating for what will be discussed in the future work. Criticism 
focused around the unpolished finish around the site itself, the low 
fidelity of the HMI graphics and generally reflected a negative attitude 
towards the potential of autonomy and electrification.   
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5 Discussion  
 
In the design thinking approach to product development, prototypes 
and their testing serve an important function towards the generation and 
validation of learnings. Today’s physical products are increasingly 
becoming artefactual components of complex systems. Both designers 
and users must adopt a shared mindset to frame the interactions 
between users and the artifacts within said systems. To these ends, 
investing in the design of test environment infrastructure creates a 
tangible plug-and-play test platform. Such a platform reduces 
overlapping efforts in context setting across an entire development 
project. Beyond saving time, the platform can serve to capture a 
sharable concept of the design space facilitating increased 
understanding of the product/service across disciplines.  
 
In this study, the prototype scale site infrastructure fidelity levels varied 
across the component configuration with the intent of testing HMI’s 
impact on relationship factors between human “workers” and 
autonomous machines. Ideally, the site components would be scaled 
down in size only, retaining full functionality and appearance, enabling 
decision support in full scale design choices. The prototype experience 
would be configurable by ramping the component fidelity up or down 
to isolate the designer’s desired testing scenario for any user 
perspective across all disciplines involved in the product development. 
The site used in this research is considered a proof of concept towards 
a grander vision of implementation.  
 
5.1 Prototype as a Platform for support 
 
Current, industry standard, risk averse and ultra-high fidelity 
approaches to new concept prototyping found in construction vehicle 
manufacturing are ill suited to the ambiguity of designing new 
autonomous vehicles, sites, infrastructure and interfaces. Design 
thinking serves to tackle these challenges by approaching the 
ambiguous space with complex processes of inquiry and learning that 
designers perform in a systems context, making decisions as they 
proceed [19]. Supporting this iterative learning process, prototyping 
serves as an attitude [18] to emphasize the design “doing” at the heart 
of design thinking. Specifically, “experiential prototypes” (as 
described in section 2.3.1) can assist in anticipation of the unintended 
consequences emerging from interactions among the multiple parts of 
a system [19]. 
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Experiential prototype environments can take the form of low fidelity 
operation scale models [24] to clarify the scenario for test users or 
higher fidelity scale equipment [45] to conduct realistic data mining. 
Mathews (2014) emphasizes the importance of altering fidelity to fit 
the design decisions being made. Fidelity can be described by its two 
attributes: resolution and experience. Each attribute can be increased 
or decreased. This variability enables flexibility for designers of 
different domains to conduct specific investigations into user 
experiences. In this study the investigation at the heart of the 
experience was HMI. Early prototype interfaces were roughly designed. 
This was done to focus the feedback, stemming from Mathews’ (2014) 
identification of the paradox, too much early phase design resolution 
resulting in feedback being dominated by details of limited interest at 
that stage [46].  
 
From a platform perspective, this site demonstrated a capacity to 
support investigations at various resolution and experience levels.  
Combining the previous statement with the general applicability of the 
site operations being replicated the site fits the characteristic definition 
of a boundary object within the organization using it. Boundary objects 
are important in collaborative design environments because as 
Bresciani et al. (2008) argue, they enable “people from different areas 
of expertise to bridge their separate knowledge domains, to create a 
shared understanding, and improve decision making” (Pg. 21) [42]. In 
this light, the scale site can become a robust tool for organizations to 
inspire and evaluate investigations into their role in the development of 
future autonomous construction sites.  
 
 
5.2 Scale Site Functionality  
 
During testing in the PS stage the prototype had some reliability issues 
causing some users to experience a loss of connection from the 
HoloLens control system to the machines. These issues were not 
logged in correlating data to the questionnaire data coupled with the 
low sample size attempting to infer a reliable causal connection futile. 
Other unforeseen variables included the manual operation of the 
loading machines, at times they were operated by experienced 
operators and at other times by novice users creating a much different 
sense of perceived realism in the operation of the machines as outlined 
in the interview quotes. Not outlined in quotes, but definitely a factor 
effecting the realism was the scaled down size of the site and machines. 
Some people saw this as an interesting way to envision future site 
managers looking down on their site, while others could not separate 
from the “toy” size to connect with the larger concept being conveyed 
by the site as a whole.  
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5.3 Methodology  
 
Implementation of the standardized DRM stage progression was not 
possible with the intended direction of the study. The DS-I initial stage 
review of research by Winqvist [24] and interaction with experts at 
Volvo CE emphasized defining generic sample operations of the scale 
site, loading and dumping. This hinged on the assumption that 
investment in the high-fidelity scale site platform provides a realistic 
demonstration for designers to continuously evolve the machines and 
interfaces in parallel to the full-scale machines. The PS phase testing 
showed the site’s capacity to accomplish the design decision support 
on emergent issues and even further success in facilitating cross-
functional conversations. Taking the observation and interview 
evidence generated in the PS to be analyzed with further literature 
review in the comprehensive DS-I sets the stage, identifying the scale 
site’s potential to serve as a boundary object in the facilitation of 
knowledge sharing between disciplines and further insights within each 
discipline’s domain.  
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6 Conclusion  
 
Scale testing is not a new process and is being implemented at different 
degrees of fidelity right now [2, 14, 12, 45]. Fidelity in these models is 
adjusted to the level required to answer questions on the designer’s 
current path of inquiry. In these case studies, scale interpretations were 
aimed to alleviate complications in new-product/parallel development 
associated with limited access to advanced prototypes. The perceived 
realism of the test experience conducted in this research proved to be 
adequate for contextualized prototyping of Human-Machine Interfaces 
designs. As identified in the literature research, providing users with a 
mechanism to simulate interactions in a safe way will go a long way to 
ease the psychological barriers of working with machines. The earlier 
in the design phase these interfaces can be tested and validated the 
higher likelihood first impressions at full scale will be a success.  
 
Here are the explicit answers to the primary research question, “How 
can product development be supported with a tangible scaled-down 
platform for simulating user scenarios?” 
 

• Goes beyond one-way concept communication to customers, 
by including customers as integral participants in experiential 
testing of new products/services. 

• When used as a conversational artifact with decision makers at 
the gates, it can reduce the decision knowledge gap increasing 
the decider’s rationality and objectivity during the assessment 
of risk in new products.  

• For design teams, the site can facilitate deeper learnings and 
validation via a shared contextualization of user feedback. 

• Enables the identification of emergent issues in complex future 
scenarios not available or safe to test in the real world through 
simulation. 
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7 Recommendations and Future Work  
 
Taking the prototype built in this research forward would focus on the 
key interaction points for various stakeholders and aim to expand the 
impact through more diverse exposure to the scale scenarios. The 
comprehensive DS-I identified new potential impact factors opening 
up the range of possibilities for measureable success criteria. 
Reworking of the experiential factors around the scale site to include 
more interactivity touch points aimed at wider audience of technical 
competency would constitute the next PS intent.  
 
Tangibly, interface platforms could expand to tablets and cellphone 
either AR or a more standardized interface. Manual machine operation 
could shift to cab based simulator with the view being a stream from 
the scale site machine and inputs ported to the machine controls. This 
could reflect a vision of the future including the porting of operators 
into neural network driven autonomous machines deployed on sites for 
training through human example. Advances in user experience 
monitoring should be coupled with a conceptualized mechanism for 
sharing the data generated, palatable for diverse disciplines.  
 
Depending on the results of the outlined suggested PS, a DS-II should 
be run depending on areas of most interest and understood impact 
before expending the time on less evidentially supported directions. 
Insights from this work would shed light on the future of human-
machine collaboration, hopefully finding paths forward to enable 
human capability, not simply replace it. 
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