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Preface

What I thought I knew, I later realized I did not fully understand. That realization marked
the beginning of this research journey—a path shaped not by testing a fixed hypothesis
but by discovering what I needed to know and finding ways to learn it. My understanding
of co-exploration emerged gradually through iterative cycles of reflection, questioning,
and reframing, grounded in empirical evidence and informed through engagement with
theory.

This dissertation investigates Co-Exploration, an emergent, situated experience that
unfolds within design teams during collaboration. The research proceeds in four phases.
First, it explores designers’ visions for future remote prototyping tools and analyzes how
teams adapted their practices under pandemic constraints. Second, identifies gaps in cur-
rent tools and strategies through a systematic review and two constructive design case
studies. Third, it defines and characterizes co-exploration through a longitudinal obser-
vational study of 16 student teams, resulting in a four-dimensional analytical framework
that distinguishes five different co-exploration patterns. Fourth, it translates these insights
into a practical guideline, Designing Tools for Co-exploration (DTC), developed through
interviews and speculative ideation sessions with professional designers.

This dissertation contributes both a conceptual understanding of co-exploration and
actionable design knowledge for supporting it in remote collaboration. It also illustrates
an a posteriori approach to research, in which understanding is constructed over time
through empirical engagement, reflection, and redefinition.
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Note to Readers

This thesis contains a combination of original writing and publishedwork. To support clar-
ity and transparency, I would like to share a few notes regarding authorship, formatting,
and the use of language assistance tools.

Use of First-Person Pronouns
Throughout this thesis, I use both “I” and “we” as first-person pronouns, guided by the
following rationale:

• I use “I” when presenting my personal decisions, insights, or actions taken indepen-
dently. For example, when describing how I structured the research or reflecting on
my process (“I began this research by…”).

• I use “we” when referring to collaborative work carried out with co-authors. In such
cases, the relevant references are noted on the page preceding each publication.

• Sometimes I also use “we” in explanatory discourse. In these cases, “we” stands for
the readers and me (“how can we characterize its mechanisms and value”).

Formatting and Revisions of Published Papers
Chapters based on published papers are presented in the form inwhich theywere accepted
or published, with only minimal adjustments made to match the thesis formatting. In
reviewing these earlier works, I noticed a few grammatical or typographical mistakes. I
have corrected these with the utmost care, ensuring that the content does not deviate from
the original text.

Citation and Reference Style
To maintain clarity and preserve the integrity of the original publications, this thesis uses
a dual system for citations. Readers will encounter two formats:

• Citations with a light gray background (e.g., [xx]) indicate references added into
the overarching thesis narrative. These can be seen in the introductory chapter and
in the text written to connect the published works. These references link to the
consolidated bibliography at the end of the dissertation.
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• Citations appearing as plain numbers (e.g., [xx]) are the original references from
the published papers. They are self-contained within each chapter and link to the
reference list at the end of that particular publication, preserving the papers in their
original forms.

Use of Generative AI for Language Support
As a non-native English speaker, I sought support from generative AI tools to improve
my language and readability. The use of these tools was limited to improving phrasing,
terminology, and sentence structure. All intellectual content of this paper, including all
ideas, analysis, and conclusions, was conceived and developed entirely by me. I reviewed
and edited all AI-assisted suggestions to ensure they precisely aligned with their original
intent. I take full responsibility for the final manuscript.

Furthermore, in all aspects of this research, I strictly adhered to the university’s Ethical
Review Board (ERB) regulations, particularly concerning the protection and handling of
participant data. This included ensuring that no personally identifiable information or
sensitive data from participants was ever uploaded to or analyzed by generative AI tools,
thereby safeguarding their privacy to the greatest extent possible.
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Summary

Design teams collaborate to solve complex problems by sharing expertise and combining
diverse skills. Using techniques such as sketching, prototyping, and experimentation, they
exchange ideas, explore solutions, and test assumptions. With the rise of remote work,
designers increasingly collaborate across distances, creating new research challenges fo-
cused on improving remote design collaboration. This thesis addresses the question: How
can tools be improved to better support remote design collaboration? To approach this
broad question, I refined the scope, as presented in Chapter 1. My initial focus was on the
prototyping process, where I noticed that many tools prioritize early-stage design collabo-
ration but fail to capture the full richness of ‘thinking through prototyping’—especially the
tacit and experiential knowledge that cannot be fully communicated through text, photos,
or videos.

Chapter 2 details two exploratory studies conducted to gain deeper insights into re-
mote prototyping. The first study involved an ideation exercise in which design stu-
dents and professional experts imagined future tools for remote prototyping. Key themes
emerged, such as the need for standardized prototyping environments and synchronized
team actions. The second study took place during the early COVID-19 pandemic, which
forced an abrupt shift to remote collaboration. Interviews and surveys revealed that de-
signers experienced a significant reduction in co-exploration, which they described as
“building on each other’s ideas” and achieving “true collaboration.” These findings led
to two main research perspectives: tools and strategies to specifically support remote pro-
totyping, and an in-depth examination of co-exploration, its characteristics, and its value
in design collaboration.

Chapter 3 focuses on tools and strategies. The investigation into tools and strategies
identified four key needs: the need for prototypes in different levels of fidelity, to ex-
press bodily actions, to engage in different types of spaces, and to participate in creative
social practices. A systematic review following PRISMA guidelines revealed that while
some tools synchronized digital and physical prototypes, they often lacked real-time in-
teraction capabilities. Others supported scenarios where remote experts guided novices
on physical tasks, but neither approach addressed ‘parallel experience’— where all team
members actively engage and share the collaborative experience. Two constructive design
studies explored solutions through manipulable shapes in video conferences and shared
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low-fidelity prototyping toolkits, which improved shared understanding but remained lim-
ited to early-stage tasks.

Chapter 4 delves into co-exploration, initially understood as a joint effort to tackle
uncertainties in the design process. A more precise definition was needed, as “co-” is
used across disciplines without consensus. I conducted a longitudinal observational study
of 16 design teams over five months. There are three sequential analyses of the qualita-
tive results of this study, each building on the previous. The first identified features of
co-exploration, such as teamwork, skill integration, open-mindedness, and shared goals.
The second analysis developed an analytical framework with four dimensions: informa-
tion distribution, people distribution, diversity of insights, and communication types. The
third analysis applied this framework to identify five patterns of co-exploration: merging
insights, reflecting on materials, refining concepts, generating ideas, and seeking coop-
eration. These patterns emphasized co-exploration’s functional and social value, such as
fostering togetherness and keeping design teams open-minded.

Chapter 5 builds on the previous investigation of co-exploration by examining how the
identified patterns can inform the design of tools and strategies for professional practice.
Experts confirmed that co-exploration patterns persist in remote settings but are hindered
by issues like reduced social interaction, delayed discussions, and preparation burdens.
Ideation sessions generated ideas focused on people, materials, and interactions across
different collaboration spaces, culminating in the “Designing Tools for Co-exploration”
(DTC) guideline—structured advice for creating tools to facilitate remote co-exploration.

Finally, Chapter 6 reflects on the research journey, acknowledging limitations, partic-
ularly its focus on product and interaction design fields, suggesting that testing the DTC
guideline across varied cultural and professional contexts could further validate its ap-
plicability. The thesis concludes by discussing how emerging technologies present new
opportunities and challenges for remote design collaboration, establishing groundwork
for future research to advance the field.
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1.1 Design Collaboration
Collaboration is what makes 1+1 greater than 2. When individuals combine their exper-
tise, skills, and perspectives, they create a synergy that unlocks solutions far beyond what
each could achieve alone [77]. In the context of design, particularly in large and complex
projects, collaboration is not just beneficial but essential [75]. Advances in technology and
globalization have redefined how teams work together, enabling collaboration across geo-
graphical and time zones. Tools such as video conferencing, online collaborative platforms,
and advances in Computer-Aided Design (CAD) have made remote collaboration practical
and accessible. Yet, persistent issues like disrupted workflows, cultural misalignment, and
reduced mutual awareness continue to hinder remote teams. Addressing these challenges
demands more than technological availability; it requires a deeper understanding of how
tools can actively support and enhance the social, cognitive, and creative dimensions of
remote design collaboration.

1.1.1 Defining Design Collaboration
In design, collaboration is essential because the process is complex and often requires peo-
ple with different professional backgrounds and expertise to contribute to a shared out-
come [13]. Collaborative design teams may be closely or loosely coupled; a single process
can encompass both forms. Close-coupled design teams [50] consist of experts in product
design, engineering, aesthetics, graphics, and/or UX who work closely together through-
out the design process. Loose-coupled teams [50] comprise non-design stakeholders—
such as users, marketing, software, manufacturing, finance, or logistics—who collaborate
with designers in a transdisciplinary team (often referred to as participatory or co-design)
throughout the design process [82]. In complex projects, both forms of design teams exist
and contribute valuable perspectives: the close-coupled design team serves as the core
design team, integrating designerly expertise to shape design proposals, while the trans-
disciplinary teams provide insights that help enrich the design process, ensuring solutions
are functional, market-ready, and user-centered.

Prior research characterizes how collaboration unfolds within collaborative design
teams. Maher et al. proposed a framework outlining three distinct modes of design col-
laboration, each reflecting a different configuration of team interaction [61]: In mutual
collaboration, participants are closely engaged, co-creating the design through continu-
ous dialogue and shared decision-making. This mode emphasizes collective ownership
and real-time responsiveness. In exclusive collaboration, team members work on differ-
ent segments of a design problem independently, occasionally seeking input or feedback
from others. Although less interactive, this mode allows for individual autonomy within
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a shared framework. Dictator collaboration, by contrast, is characterized by a hierarchical
structure in which one member leads the process and others follow directives. Comple-
menting this view, Kvan [50] distinguished collaboration from cooperation. He argued
that true design collaboration involves creative interplay and the co-evolution of ideas.
Connecting these views to team modes: Mutual collaboration maps closely onto close-
coupled design teams, while exclusive collaboration resembles loose-coupled teams that
coordinate across different stakeholders. In this dissertation, I focus on the core design
team, investigating how they collaborate and how their practices and enabling conditions
change in remote collaboration.

Maher et al. argued that designers who work separately but remain loosely connected
can often be the most effective in terms of design outcomes [61]. Kleinsmann [47] high-
lighted that effective design collaboration depends on shared knowledge, clear commu-
nication, and mutual understanding. Her definition of collaborative design serves as a
working definition that this dissertation adopts to guide discussions and analyses of col-
laborative design processes:

Collaborative design is the process in which actors from different disciplines
share their knowledge about both the design process and the design content. They
do that in order to create a shared understanding of both aspects, to be able to in-
tegrate and explore their knowledge, and to achieve the larger common objective:
the new product to be designed. (Kleinsmann, 2012, p. 30)

While the integration of diverse knowledge enables creative solutions, it also brings
challenges. Misalignments in terminology, conflicting objectives, and different problem-
solving approaches can often create friction within teams [86]. Addressing these barriers,
it is essential for teams to develop collaboration skills, such as empathy, active listen-
ing, and open communication [46]. Furthermore, tools that facilitate communication and
shared understanding, such as collaborative design platforms, shared design artefacts, and
synchronized prototyping systems, are crucial for supporting effective collaboration in in-
creasingly complex design collaboration.

1.1.2 The evolution of design collaboration
Over the past few decades, design collaboration has undergone significant transforma-
tions, driven by technological advancements and increasing globalization. Traditionally,
design teams operated in co-located environments, where face-to-face interactions facili-
tated real-time communication, brainstorming, and problem-solving. These physical set-
tings enabled rich, nuanced interactions that are often critical for creativity [53].
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The rise of digitization and globalization has shifted collaboration into virtual spaces.
As noted by Maciver et al. [59], one trend of collaboration in the design process is global
connectivity through instant communication. Organizations nowoperate across geograph-
ical boundaries: research and development may take place in one country, manufacturing
in another, and marketing somewhere else. Within this context, design teams are often
required to engage a broad range of stakeholders to understand various perspectives and
requirements for developing the product. To maintain alignment and a shared vision, they
increasingly relied on digital communication and online meetings to maintain shared un-
derstanding and synchronize efforts.

During this time, experimental technologies emerged that sought to push the bound-
aries of remote interaction. For example, Leithinger et al. [55] introduced the concept of
Physical Telepresence - systems that capture the 3D shape of people and objects in real
time and reproduce them remotely using actuated pins. These tangible interfaces allowed
remote participants to interact physically with shared representations, extending collabo-
ration beyond traditional audiovisual channels. One of the most advanced systems devel-
oped to support remote collaboration was Cisco’s TelePresence [12]. It was designed to
make remote participants appear life-size, seated across the table, with precisely calibrated
audio that matched their visual location. This spatial consistency allowed participants to
experience a strong sense of physical co-presence, as if they were looking at and listening
to someone sitting in the same room.

This shift was further accelerated by the COVID-19 pandemic. Global lockdowns
forced organizations to transition almost overnight to remote work [3]. Tools like Zoom,
Microsoft Teams, and Tencent Meetings became essential for maintaining connections,
with Zoom’s daily meeting count surging from 10 million in December 2019 to 300 million
by April 2020 [88]. This sudden but complete shift to online-based collaboration revealed
new and pressing challenges, alongside opportunities for innovation. Surveys conducted
by McKinsey during this period indicated that many organizations planned to sustain re-
mote collaboration practices after the pandemic [6]. Similarly, the Gartner HR Survey
reveals that 41 percent of employees were likely to continue working at least part of the
time post-pandemic remotely, compared to 30 percent before [26]. These findings high-
light a growing recognition of how remote work has reshaped organizational practices.

While remote work introduced notable advantages, such as greater flexibility and ac-
cess to a global talent pool, it also exposed critical problems. Employees reported exhaus-
tion from extended video conferencing, widely referred to as Zoom fatigue (e.g., [58] [80]).
Communication breakdowns occurred more frequently [14], trust became harder to build
[2], and digital tools fell short in replicating the depth and richness of face-to-face interac-
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tions. These issues underscore the urgent need for better tools and strategies to support
remote collaboration effectively.

The impact of these challenges is particularly significant for design teams, where cre-
ativity hinges on intensive communication, shared understanding, and hands-on processes.
Desai et al. found that design teams struggled to conduct user research, share findings, and
prototype without access to physical materials or direct team feedback [16]. The absence
of in-person interaction disrupted critical stages of the design process.

These shifts in collaborative design practices introduce both challenges and opportu-
nities. The research presented in this dissertation spans the periods before, during, and
after the COVID-19 pandemic, capturing the evolving struggles, emerging solutions, and
envisioned opportunities within remote design collaboration.

1.2 Remote Design Collaboration
Proposing effective ways to support remote design collaboration requires a clear under-
standing of the challenges it poses as well as the benefits it can bring. Numerous com-
parative studies have examined how remote and co-located design collaboration differ.
For instance, Hammond et al. [34] found that while designers in remote settings spent
more time collaborating, they generated fewer design alternatives. Similarly, Sawyer and
DeZutter [83] noted that remote teams experienced higher workloads and engaged in
fewer topics of discussion. Eris et al. [22] observed that compared to co-located teams,
remote designers relied less on gestures and more on drawing, and participated less fre-
quently in discussions about the design problem. Kvan [50] and Cross [13] suggested that
such limitations may lead designers to compromise on design decisions, thereby hindering
optimal outcomes. On the other hand, several studies have offered contrasting perspec-
tives on these assumptions. Brucks et al. [7] pointed out that they found no evidence that
videoconferencing negatively impacts the effectiveness of idea selection. Tang et al. [90]
reported no significant differences in process outcomes between co-located and remote
teams. Mulet et al. [70] found that the degree of novelty in design results was similar
across both settings.

Taken together, these studies reveal that the remote setting does not necessarily intro-
duce negative impact and constraints. It affects how teams exchange information, foster
creativity, and communicate interactively, all of which characterize effective design col-
laboration. These observations sparked my interest in understanding how tools might be
improved and designed to better support remote design collaboration.

Remote design collaboration presents a complex and evolving area of inquiry that I
aim to investigate in this dissertation. Reviewing how others have approached this topic
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has helped me better understand the diversity of perspectives and identify both persis-
tent challenges and promising opportunities. In what follows, I highlight three aspects of
remote design collaboration that are important to keep in mind: the exploratory nature
of the design process, the ways people communicate throughout that process, and the
artefacts involved at different stages and activities.

1.2.1 Exploration in the Design Process
There are two distinct viewpoints on what the design process entails, each shaping how it
is understood and influencing how tools are developed to support it. To situate this disser-
tation, I find it important to clarify the perspective on collaborative design that underpins
my work, and by extension, the type of design process the tool investigations are intended
to support.

To explain these viewpoints, I use the equation introduced by Dorst [18]:

WHAT + HOW leads to VALUE (Dorst, 2011, p.524)

On the right side of this equation, ‘VALUE’ represents the ultimate goal, for example,
reducing back pain for individuals with sedentary jobs. On the left side, ‘WHAT’ refers
to the specific solution aimed at achieving that goal. This could be a product, service, or
system, such as an ergonomic chair, a mobile app that reminds users to stand and stretch,
or a workplace routine that builds movement breaks into the schedule. ‘HOW’ refers to
the underlying principle or mechanism that enables each solution to be effective. The
chair should follow ergonomic design standards to provide adequate posture support; The
app must apply interaction design principles that ensure reminders are intuitive and well-
timed; The routine should be grounded in organizational well-being strategies to support
sustainable behavioral change.

The first viewpoint, conceptually similar to “design as search” [35], focuses on situa-
tions where the ‘HOW’ and ‘VALUE’ are clearly defined, leaving the task of identifying
the specific ‘WHAT’ that fits those parameters. This approach is commonly used in struc-
tured problem-solving contexts, where the goals and constraints are well understood. Re-
ferring back to the example of reducing back pain, the design task under this viewpoint
might focus on optimizing the curvature of the chair’s backrest to align with established
ergonomic guidelines. This process is direct and goal-driven, making it appropriate for
addressing well-defined problems with clear evaluation criteria.

The second viewpoint, “design as exploration” [35], represents a more open-ended and
emergent process. Here, the design team knows the intended VALUE but must simultane-
ously discover both the ‘WHAT’ and the ‘HOW.’This iterative process involves proposing,
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evaluating, and refining potential solutions and working principles while dynamically in-
teracting between the problem and solution spaces [10]. This aligns with the co-evolution
theory of design [62, 19], which suggests that design evolves through a continuous inter-
play between these two spaces. Designers adopting this approach often challenge assump-
tions and question the design problem itself. As Fallman describes, they engage in asking
“What if?” to provoke new directions and reframe the design challenge. Returning to the
example of reducing back pain, such questions might include: What if people didn’t sit
at all? What if it’s not an app? What if something in the working environment could
serve as a reminder? These questions move beyond predefined solutions, opening space
for unexpected innovations and deeper creativity.

Both ‘design as search’ and ‘design as exploration’ exist in practice and bring value to
the outcomes of design processes. However, many researchers suggest that ‘design as ex-
ploration’ better reflects the complexities of real-world design challenges, where ambigu-
ity, iteration, and discovery are inherent [107, 27, 60]. This dissertation adopts the ‘design
as exploration’ viewpoint to focus on understanding and addressing the challenges of such
processes. The research seeks to uncover opportunities for creating tools that effectively
support the dynamic and exploratory nature of remote collaborative design.

1.2.2 Interaction and Communication in Design Collaboration
Design collaboration involves more than the distribution of tasks; it is widely recognized
as a highly cognitive process involving activities such as framing problems, reasoning
through alternatives, and making decisions [18, 52, 31]. In design collaboration, cognition
is no longer confined to the mind of an individual. Instead, it becomes a shared process
distributed across team members, who exchange information, build on each other’s ideas,
negotiate to establish a shared understanding, and collectively make decisions [37].

Communication plays a central role in this social process. Verbal and non-verbal com-
munication, such as spatial language, hand gestures, and visual annotations, play a cru-
cial role in aligning perspectives and coordinating collaborative activity [1]. Van der Lugt
found that shared sketching environments support the externalization of thought and fa-
cilitate design negotiation [92]. Similarly, Eppler and Kernbach demonstrated that struc-
tured visual tools, like dynamic diagrams, enhance knowledge integration and collabora-
tive reasoning [21]. These studies demonstrate that external representations are not only
tools for communication but also integral to the cognitive process itself. They allow team
members to reflect on, compare, and reorganize ideas, thereby reducing cognitive load and
supporting shared understanding.

As collaborative design increasingly moves into remote contexts, it is important to un-
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derstand how digital platforms shape communication. A systematic review by Lee andOst-
wald [54] highlights how digital environments affect the ways teams generate ideas, un-
derstand problems, and share information. Unlike co-located settings, remote design col-
laboration relies more on visual and textual cues. These include sketches, shared screens,
and asynchronous annotations that help externalize thinking and support shared under-
standing. To address the communication challenges in remote settings, Lee and Ostwald
suggest that teams should intentionally use shared visual spaces and annotated documents
to ground discussions, support mutual awareness, and sustain alignment throughout the
design process.

Understanding design collaboration as a social practice draws attention to how people
coordinate, respond to each other, and build shared understanding through interaction.
This is especially important in remote settings, where maintaining connection and align-
ment requires continuous effort and adaptation.

1.2.3 The Role of Artefacts in the Design Process
Different stages of the design process involve distinct artefacts that shape and support col-
laborative work. These artefacts, ranging from sketches and sticky notes to CAD models
and functional prototypes, are not just representations of ideas but cognitive and commu-
nicative anchors that evolve alongside the design itself [17, 73]. In collaborative design,
artefacts not only capture objectives, constraints, and ideas but also externalize thought,
guided exploration, and enable critical reflection. As Bucciarelli [9] states, “Objects are
continually at hand as a focus of thoughts or a topic of discourse” (Bucciarelli, 1994, P.25).
Similarly, Wagner highlights that visual representations allow designers to discuss ideas
in metaphorical and experiential terms, serving as shared references [98]. These artefacts
can be pointed to, annotated on, or manipulated, forming the terrain where conflicts are
resolved and creative collaboration occurs.

Research in the design process and design collaboration emphasizes that design arte-
facts play varying roles depending on the fidelity, intent, and context of the design activity
[48]. In the early stages of design, often described as the ‘fuzzy front end’ [82], the design
challenge is typically not well defined, and teams must explore what the actual problem is.
Goals are often still forming, and multiple directions may seem possible. To support this
open-ended exploration and collaborative sensemaking, teams frequently use low-fidelity,
expressive artefacts such as sketches, whiteboards, Post-its, and mind maps [9]. Digital
tools like Miro or Mural replicate this physical workspace by allowing both individual and
multiple users to access, manipulate, and annotate shared boards. While they support per-
sonal ideation, their collaborative features are particularly useful for supporting remote
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teamwork during exploratory phases. As the design process moves into later stages, ideas
becomemore concrete and decisions more defined. Teams working with clearer goals lead
to the development of higher-fidelity prototypes. These include CAD models, mockups,
and both digital and physical prototypes. Such artefacts support visualization, discus-
sion, usability testing, and decision validation [56]. In these later stages, simply sharing
static images or viewing the same screen is no longer enough for discussing detailed and
interactive prototypes. Design teams need more advanced support for viewing, editing,
and interacting with prototypes to enable meaningful discussion, feedback, and iteration.
Technologies like rapid prototyping, augmented reality (AR), and virtual reality (VR) have
enabled new ways to support these needs. For instance, Gravity Sketch offers immersive
3Dmodelling in VR, allowing remote teams to collaboratively explore spatial forms in real
time [85].

While various approaches have emerged to support remote collaboration with design
artefacts, many challenges remain underexplored and unresolved. As described above,
different artefacts play different roles throughout the design process and require distinct
forms of support when adapted to remote collaboration. One major challenge is that dig-
ital environments cannot replicate the physical qualities of artefacts, such as their feel,
weight, and the tactile ways designers interact with them. This absence of physicality
limits embodied cognition and makes it more difficult to share tacit knowledge during
collaboration [79]. In addition, the social cues that accompany co-located communication,
such as gestures, body posture, or glances, are often flattened or lost in remote contexts,
affecting shared awareness and coordination. These limitations, along with issues such
as fragmented workflows, weak version control, and disjointed transitions between com-
munication and design tools, continue to hinder continuity and make it harder to track or
revisit design rationale [54].

Recognizing the essential roles artefacts play throughout the design collaboration pro-
cess leads me to consider artefacts a meaningful entry point for exploring how to improve
remote design collaboration.

1.3 This Research
Remote design collaboration is now more common as teams adopt remote work practices.
The COVID-19 pandemic intensified this shift, placing teams in fully remote conditions
that exposed longstanding and new challenges. Despite advances in digital infrastructure
and collaboration platforms, design teams continue to face significant challenges when
working across distances. To address these challenges, researchers in Human-Computer
Interaction (HCI) and Computer-Supported Cooperative Work (CSCW) have developed
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tools that support remote collaboration, aiming to reintroduce aspects of in-person inter-
action, such as real-time annotating, shared whiteboards, and embodied presence. These
contributions laid a strong foundation for understanding remote collaborativework in gen-
eral. However, remote design collaboration is far more complex than isolated tasks and
tools cannot capture. Design, unlike many other forms of remote work, is exploratory
and iterative, requiring rich communication, dynamic interaction, and the use of different
types of design artefacts throughout the process. My research began with the broad aim of
better supporting remote design collaboration. It unfolds in four steps: exploring the topic,
examining current support of remote design collaboration, deepening the understanding
of co-exploration, and offering guidance through design guidelines.

The first step involved exploring the topic and surfacing potential directions for sup-
port. I chose to focus on the prototyping process, a phase where many different types of
design artefacts are involved and require distinct forms of support. This step was guided
by the following research questions:

• RQ1: How do designers envision future tools that could better support the remote
collaborative prototyping processes?

• RQ2: What difficulties arose in remote design collaboration under constrained cir-
cumstances, and how did designers respond?

The first exploration asked designers to imagine future tools, while the second, con-
ducted during the COVID-19 pandemic, revealed that designers often struggled with what
they described as a lack of “co-exploration” — the process that all collaborators jointly en-
gage with shared prototypes in real time. The next step examined the current state of
practice. Guided by the following research question:

• RQ3: What are the current strategies and limitations of existing tools for supporting
remote prototyping?

I conducted a systematic literature review to identify how existing tools address pro-
totyping needs and where they fall short. One key insight was that few tools enable all
collaborators to engage equally with shared design artefacts in real time — an issue that
echoed what I had previously identified as missing: co-exploration. Realizing that co-
exploration was emerging as an important but underdefined concept, I decided that before
exploring how it might be supported, I first needed to understand what co-exploration is.
This step was guided by the following research question:

• RQ4: What is co-exploration in collaborative design, and how can we characterize
its mechanisms and value?
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Through a longitudinal observational study, I developed an analytical framework for
examining co-exploration activities and identified a set of patterns that characterize this
phenomenon. The last step was guided by the following research question:

• RQ5: How to support co-exploration during remote design collaboration?

Based on interviews and speculative ideation sessions with professional designers, I devel-
oped a design guideline aimed at supporting co-exploration during remote collaborative
design processes.

1.4 Thesis Outline
This dissertation includes a general introduction (this chapter), four chapters investigat-
ing remote design collaboration — its challenges and solutions, tools and strategies, the
concept of co-exploration, and design guidelines to support co-exploration — followed by
a final chapter of conclusion and reflection.

Chapter 2 | Visions and Real-World Experiences
I began this research by examining the broad landscape of remote design collaboration.
My entry point was the prototyping process, where I observed that although many tools
support early-stage collaboration, they often fail to capture the full richness of ‘thinking
through prototyping’, especially the tacit and experiential knowledge that is difficult to
express through text, images, or video. To explore this issue, I conducted two exploratory
studies involving both design students and professional design experts.

The first study was an ideation exercise in which designers imagined future tools to
support remote prototyping. Several key themes emerged, including the need for standard-
ized environments and synchronized actions across remote teams. The second study took
place during the onset of the COVID-19 pandemic, which forced many designers to shift
suddenly to remote work without sufficient preparation or tooling. Through interviews
and an online survey, I investigated how designers adapted to this abrupt change and the
solutions they developed. A recurring concern across participants was a perceived reduc-
tion in “co-exploration,” which they described as “building on each other’s ideas” about
prototypes in real time. These early insights pointed to the need for further investigation
into how tools and strategies could better support remote prototyping.

Chapter 3 | Limitations of Current Tools and Strategies for Co-exploration
To better understand how remote prototyping is currently supported, I conducted a sys-
tematic review of existing tools and strategies. Before examining the tools themselves, I
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first identified four key needs for designers: a need for prototypes in different levels of fi-
delity, a need to express their bodily actions, a need for different types of space, and a need
to engage in creative social practices. These needs formed the basis for analyzing 50 tools
using PRISMA guidelines. Each tool was evaluated by how it supported collaboration, the
functions it provided, the design practices it enabled, and its methods of evaluation. The
review revealed several gaps. While some tools synchronized prototypes across digital
and physical formats, they often allowed only passive updates rather than active inter-
action. Many replicate on-site collaboration by providing remote visibility into another
person’s space or activity, but only promote a one-directional expert-novice model, rather
than enabling equal participation. These findings suggest the need for tools that better sup-
port “co-exploration,” a concept I understand as involving all team members equally, with
everyone actively engaged and mutually immersed in the collaborative design process

To further investigate how co-exploration might be supported, I analyzed two case
studies developed through constructive design research methods. Each study involved
the development of a tool. ShapeOverlay supported digital interaction by enabling de-
signers to manipulate shared 3D shapes during video conferencing to communicate ideas.
MMM Toolkit provided a standardized set of physical materials, allowing all collabora-
tors to work with the same resources during remote prototyping. My reflection on these
two studies is that although these tools aimed to support co-exploration, both tools ended
up supporting shared materials, synchronized interactions, and real-time manipulation of
objects. While these features improved remote collaboration, they did not convincingly
demonstrate support for co-exploration. Reflecting on these findings, I realized that nei-
ther the students nor I had a working definition of what co-exploration actually entailed.
In design, “exploration” is a widely used concept - there is an exploration phase in the
design process, and designers frequently talk about exploring design spaces and solutions.
Because of this familiarity, the assumption that “co-exploration is simply exploring to-
gether” seemed so self-evident that it escaped critical examination.

Chapter 4 | Understanding and Defining Co-exploration

Chapter 4 presents a study I conducted to define and understand the concept of “co-
exploration.” The research focused on the following questions: What exactly is co-exploration?
How can it be characterised within collaborative design processes? And what value does
it bring to those processes? To answer these questions, I conducted a longitudinal obser-
vational study involving 61 design students across 16 teams. Over five months, I tracked
their entire design processes throughweekly diary interviews, which revealed the intricate
dynamics of co-exploration. The analysis proceeded in two stages. First, I identified key
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features of co-exploration: togetherness, synergy of individual skills, open-mindedness,
and its functional and social value. While these features helped recognise the presence
of co-exploration, they did not fully explain what transforms a collaborative activity into
a co-exploration experience. To address this gap, I developed an analytical framework
with four dimensions—information distribution, people distribution, diversity of insights,
and communication types—to examine and categorise co-exploration more precisely. Ap-
plying this framework, I identified five patterns of co-exploration: merging different in-
sights, reflecting on existing materials, refining initial concepts, generating new ideas, and
seeking cooperation. The findings reveal that co-exploration fosters a sense of together-
ness, which strengthens engagement and collaborative synergy. This synergy encourages
iterative dialogue that moves the design process forward by drawing on the collective
intelligence of the team. As a result, co-exploration appears to support the quality of col-
laboration and may contribute to stronger design outcomes.

Chapter 5 | Guidelines for Improving Remote Co-exploration

Since the research for defining co-exploration was conducted in an educational context,
several follow-up questions emerged: Can the five patterns be generalized to the design
profession, where collaboration dynamics may differ? If co-exploration is diminished in
remote collaboration, what specific aspects are lost, why does this absence matter, and
how can they be effectively addressed? Chapter 5 presents a study designed to address
these questions.

In this study, I gathered insights from professional designers on their experiences with
the five co-exploration patterns and used these insights as the foundation for speculative
tool design. During interviews, the experts recognized the patterns and highlighted the
impact of remote collaboration on both the execution and the quality of co-exploration.
They reported that remote collaboration negatively impacted both the execution and qual-
ity of co-exploration. Teams struggled to explore with the same depth and breadth as in
co-located settings. The absence of informal interactions delayed discussions and weak-
ened overall collaboration, while the extra preparation needed added further difficulty to
achieving effective co-exploration.

During a speculative ideation session, I asked participants to reflect on their practi-
cal experience and envision tools that could better support remote co-exploration. Their
responses showed that co-exploration relies on the dynamic interplay of people, materi-
als, and interactions — elements that are often disrupted in remote settings. Addressing
these disruptions calls for a holistic approach that accounts for the broader context of re-
mote design work, rather than focusing only on individual tasks or tools. These insights
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informed the creation of the Designing Tools for Co-exploration (DTC) guideline, which
offers intermediate-level design knowledge for practitioners and researchers developing
tools for remote collaborative design.

Chapter 6 | Conclusion and Reflection
In Chapter 6, I conclude this dissertation by reflecting on my research journey. This thesis
explores the intricate dynamics of co-exploration in collaborative design processes and
proposes a guideline for supporting and enhancing it in remote settings. However, there
are limitations to this research. Although the study included both students and profes-
sional design experts, it primarily focused on the fields of product and interaction design.
Different fields or cultural contexts might introduce additional challenges, and unique
tools may be needed for remote co-exploration in those contexts. Although the DTC
Guideline draws on insights from in-depth interviews with professional design experts,
its broader validity and applicability remain to be tested. Looking toward the future, I
discuss how emerging technologies present both new opportunities and challenges for
remote design processes. By addressing these challenges and seizing these opportunities,
future research can further refine and expand upon the foundations laid in this work, ad-
vancing the field of remote design collaboration.
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2.1 Introducing this Chapter
This chapter marks the beginning of my research journey. I started with the prototyping
process because of its central and multifaceted role in design. Prototyping brings together
thinking and doing, allowing designers to explore, test, and refine ideas through tangible
interaction. The prototyping process is not merely a step toward finalization; it is a stage
of exploration where designers iteratively test, learn from, and refine ideas to better un-
derstand their concepts through hands-on interaction and critical evaluation. Drawing
on Schön’s notion of the “conversation with materials” [84], the prototyping process can
be seen as a reflective dialogue between the designer and artefacts. As Ramasesh and
Browning highlight, prototyping plays a critical role in revealing “unknown unknowns”
[78]. These insights often emerge through the act of creating or interacting with proto-
types, surprising designers and provoking reflection that guides the exploration of new
design directions. Therefore, as Wensveen and Matthews [103] argue, prototyping func-
tions as a “vehicle for inquiry”. Principles and requirements that are difficult to articulate
at the outset may only surface through the iterative acts of proposing, building, testing,
and refining prototypes.

A deeper understanding of the prototyping process requires closer examination of pro-
totypes themselves. Prototypes are central to the design process, serving as mediums for
exploration, communication, and iteration [51, 54]. Early definitions, such as Naumann
and Jenkins’ description of prototypes as systems that capture “essential features of a later
system,” reflect a focus on predictive function [71]. Houde and Hill contributed a purpose-
driven view, suggesting that prototypes explore different questions within three intersect-
ing dimensions: the product’s Role, Look and Feel, and Implementation [40]. Beaudouin-
Lafon and Mackay introduced additional analytic dimensions that help situate prototypes
within iterative design contexts [4]. These include representation, precision, interactivity,
and evolution. Lim et al. proposed a dual perspective: prototypes as filters and as manifes-
tations [56]. As filters, prototypes isolate specific design aspects for focused exploration,
intentionally leaving others aside. As manifestations, they externalize design concepts
into tangible forms that invite reflection, feedback, and collaborative interpretation. This
duality is essential to understanding how prototypes function not only as tools for making
but also as instruments of inquiry.

In collaborative design, prototypes extend beyond individual use, serving as shared
tools for communication, alignment, and understanding. They allow design teams to ex-
ternalize tacit knowledge, as Nonaka et al. argue, by transforming abstract concepts into
concrete forms that can be critiqued, refined, and iterated upon [72]. With technological
advancements such as online CAD platforms, 3D scanning, and augmented reality, new
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possibilities for remote prototyping have emerged. These tools allow distributed design
teams to ideate, build, and iterate collaboratively across distances. These technological de-
velopments create new opportunities for remote prototyping, but they also present chal-
lenges. As Oura et al. observe, much of the current literature emphasizes how different
forms of prototypes are made, with far less attention paid to how interdisciplinary teams
interact with them or how design intent is communicated in collaborative design pro-
cesses [76]. Key questions remain insufficiently explored, including how to replicate the
embodied, tactile, and socially rich interactions that typically characterize co-located pro-
totyping processes. Prompted by these challenges and underexplored aspects of remote
design collaboration, I began my exploration.

Section 2.2 presents the first exploration, where designers envisioned future tools for
remote collaborative prototyping. This investigation formed the basis for an exploration
guided by Research Question 1 (RQ1): How do designers envision future tools that
could better support the remote collaborative prototyping processes? To explore
this, I conducted a qualitative study using co-sketching methods, inviting both design stu-
dents and professionals to imagine and ideate new tool possibilities. Section 2.2 presents
the full published paper from this exploration.

Section 2.3 presents a second exploration, which examines how designers adapted
their practices under pandemic constraints. This exploration was conducted during the
early months of the COVID-19 pandemic, when design students and professionals were
suddenly required to work entirely remotely. In contrast to the speculative perspective
of the first exploration, this investigation focused on designers’ lived experiences. It
was guided by Research Question 2 (RQ2): What difficulties arose in remote design
collaboration under constrained circumstances, and how did designers respond?
Through critical incident interviews and an online survey, I explored the challenges they
faced and the strategies they adopted to adapt their practices under constrained condi-
tions. Participants described a noticeable decline in co-exploration, referring to it as the
joint exploration of ideas through direct interaction with shared prototypes. This included
the ability to touch, reference, manipulate, and discuss physical artefacts together in real
time. While many teams attempted to compensate by increasing individual exploration
and scheduling more structured meetings, participants reported that these approaches did
not effectively replace what they valued most: the spontaneous, hands-on development
of ideas that happened through shared engagement. These real-world accounts offered
valuable insights into how remote collaboration reshaped design workflows, especially in
relation to prototyping. Section 2.3 presents the full published paper from this exploration.

Section 2.4 offers a reflection on both explorations and how they informed the next
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steps in my research. Together, these two explorations comprise the exploratory phase of
my research journey. They shed light on the limitations of existing approaches to remote
prototyping and reveal both the challenges and opportunities that arise when imagining
or responding to these conditions.
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2.2 Exploration 1: Envisioned Future Tools for Remote
Prototyping processes

Exploring Future Tools for Supporting Remote Collaborative Prototyping
Process

ABSTRACT
This pictorial presents a qualitative study of designers’ visions of remote collaborative pro-
totyping processes in the future. Twelve sketches were generated by eight participants,
which provided the basis for us to construct new supportive tools. We analyze their draw-
ings and summarize the findings. 5 themes with 6 subthemes were identified related to
the design ideas for the tools in future remote collaboration. We conclude the pictorial by
proposing our initial ideas to improve the prototyping process in the remote collaborative
design teams.

INTRODUCTION
Designers collaborate with each other when dealing with complex design problems. They
share expertise, use diverse skills, test assumptions, and explore new solutions to accom-
plish design tasks [18]. There is an increasing number of designers who work with others
in a distributed design process over a distance around the globe [16]. However, when the
design and process information is distributed across geographic and time-zone boundaries,
current design tools do not facilitate designers as well as they should [17]. For instance,
the prototypes play an essential role, not only as tools for evaluation but also as enablers
for externalizing design alternatives [12]. However, during this ‘thinking through proto-
typing’ [10] process, information is often tacit and invisible. The decisions and insights
from the design process cannot be transferred in their full richness through text, photos,
or videos only. There are many tools that cater to online collaboration, e.g., [5, 7, 16], but
they are not often aimed at conveying and transferring rich information during the pro-
totyping process. In order to investigate how to exchange tacit knowledge in supporting
tools, we organized two workshops with 4 design students and 4 professionals. In this
paper, we present a visual report on the workshop results of how designers view future
collaboration during the prototyping process.

THE WORKSHOP
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Figure 2.1: Storyboard 1
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Figure 2.2: Storyboard 2
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Eight participants from different backgrounds were invited so that we could have a
broader view. Four industrial design students participated in Workshop 1. In workshop 2,
four design professionals who had rich experiences in collaborative design practice were
invited. To help the students understand the crucial problems during the remote collab-
oration, we introduced a storyboard as a starting point. After the sketch activities, we
asked the participants to explain the drawings in detail.

The sketches
In this creative session, the participants were invited to engage in a brain-sketching tech-
nique [13]. We asked them to sketch out their ideas individually in the first 5 minutes and
then pass them to their adjacent teammember. The next 5 minutes were spent understand-
ing the ideas of others and ideating on them further. This continued until everyone got
their original papers back. Therefore, every scenario was ultimately rich in content and
contained multiple ideas, co-authored by all participants. After presenting the overview
of all 12 main sketches, we will present the categories that result from our analysis.

Data analysis
We went through an iterative thematic coding process. The encoding identified the recur-
ring patterns in the sketches (see below) while using the transcripts to gauge the impor-
tance of the statements made by the participants.

Standardized prototyping environment
The first theme that we identified revolves around a standardized prototyping environ-
ment. This involves the designers creating a “lingua franca” [20] to enable collaboration,
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which proposes the creation of a baseline and common ground for them to work in and
with. Based on participant responses in our workshops, we identified two themes that we
will refer to as “the library” that designers work with and “the platform” that designers
work in. The terms mentioned by the participants for each aspect are as follows:

The library involves 1) basic shapes; 2) standardized materials & prototyping kits
The platform involves 1) a shared virtual environment; 2) a duplicated physical envi-

ronment.

Figure 2.3: Examples of the sketches that we coded with “the library”and “the platform”

Shared prototyping process
Literature suggests that designers in a distributed collaborative design team require a
shared understanding of both the design they are making and the process they are fol-
lowing [9]. However, Frens and Hengeveld discussed that not all the aspects of a design
could be captured in abstract representations [6]. We imagine that when designers col-
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laborate no longer as a collocated team, all the tacit information, such as understanding
how the product was made, the reason why design decisions have been made or changed,
and the behaviors hidden behind the interface, should be taken into account. Through the
analysis, we found that our participants indicated two experiences that revolved around
a shared prototyping process: shared making experiences and shared interaction experi-
ences.

Figure 2.4: Examples of the sketches that we coded with “shared interaction experiences” and “shared making
experiences”
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Improved workflow & documentation

We concluded the third theme as improved workflow & documentation. The student par-
ticipants were interested in the following: They sketched out different possibilities for
changing the current workflow of the remote collaborative design teams. For instance,
improving the version control of lo-fi and hi-fi prototypes, and asking for help from the
people who frequently travel around the globe to deliver the essential parts of the proto-
types.

Figure 2.5: Examples of the sketches that we coded with “improved workflow” and “improved documentation”

The experts emphasized the essentiality of documentation. During the focus group
activity, all the design professionals agreed that documentation is such a crucial aspect
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that every concept of developing a future tool for a collaborative design team should be
aware of. This issue might be influenced by technical aspects and restrictions from privacy
regulations of different companies, but the topic was deemed very important.

Mixed reality

Figure 2.6: Examples of the sketches that we coded with “Mixed reality”

We noticed that among 12 sketches of the envisioned remote collaborative design pro-
cess, there are 6 sketches involving Mixed Reality technology. Some of the ideas were
very obvious, as the designers wear Virtual Reality glasses, while the others indicated that
designers can not only see the real existing objects but also the virtual components drawn
by dashed lines. With leading technology companies developing new and better hard-
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ware to provide a new experience of sharing digital workspaces, researchers also turned
their attention to how it can enhance computer-supported cooperative work (CSCW) in
the context of design [4]. As Mahdjoub et al. [14] argued, although the designers can
modify the prototype in the virtual world, there is no link to the raw physical prototype.
In response to this challenge, instead of simply building a shared 3D modelling platform,
the future remote prototyping environment merges both physical and digital worlds. The
designers will be able to interact with a co-existing prototype that contains the elements
of necessary physicality and easy-to-change digital components.

Synchronizing actions using robots

Figure 2.7: Examples of the sketches that show the shared prototyping process by using robots

The last theme that we identified from the workshops was synchronizing actions using
robots. This comprises two demands for using robots: 1) a shared perspective, and 2) a
shared prototyping process.
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Figure 2.8: Examples of the sketches that show shared perspective by using robots

Discussion
Summary of the workshops
After the analysis of the twoworkshops, we tried to integrate our findings into a concise set
of directions for our own tool development. In this section, we discuss the main problem
that we found and different solutions. By discussing current tools from other research, we
highlight different directions to enhance the tools for the remote prototyping process and
show that there is room for improvement.

Problem and its solution
We found that the main problem our participants attempted to solve is the lack of a shared
prototyping process. Many designers can work digitally, however, at some point, they
need physical objects to stimulate their thinking processes. From these processes, they
learn design knowledge, discover problems, and generate new ideas. Chiu suggested that
an effective collaborative team requires both synchronous and asynchronous communica-
tion from different perspectives [3]. To facilitate a shared prototyping process, the work-
shop showed us two directions: 1) collaborators work in a shared virtual environment,
and 2) a duplicated physical environment is offered in different ways.

Current tools
Below, we discuss existing tools from the literature that offer solutions to the problems
that we identified in our workshop. Some of these tools were specifically designed for im-
proving the remote collaborative design process. Others were not, but have the potential
to contribute to solutions.

To provide a shared virtual environment, researchers have integrated different visual
communication cues in mixed reality remote collaboration systems [1, 8, 7]. One of the
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difficulties that they tried to overcome is that it is hard to show and see the hand ges-
ture information (such as pointing, positioning, and orienting an object). Some research
used a laser pointer as a representation of the remote user’s hand [8], while others used
annotation overlaid on video as an alternative to have more communication during the
remote collaboration [2]. From different comparative studies, Kim et al. [8]found that
both pointer and annotation increased feeling of connectedness, while pointers had a key
benefit of being more active. They also indicated that collaborators completed the task sig-
nificantly faster when the sketch cue was added to the hand gesture cue, but not when the
pointer cue was added [7]. Bai et al.[1] generated another mixed reality system, in which
they demonstrated that combining gaze and gesture cues could also provide a stronger
sense of co-presence.

To provide a duplicated physical environment, we find three approaches to improve
the shared prototyping process in literature: The first aspect is providing the shared per-
spective, i.e., the Telepresence robotics [5] was created to provide a synchronized view
among remote collaborators. The second aspect is accelerating the making process, i.e.,
by enhancing the 3D fabrication techniques [15, 19], designers save time and materials so
that they can quickly have their own physical prototypes. The third aspect is providing
the standardized prototyping kits, i.e., by connecting struts with magnetic hubs [11], de-
signers can iteratively model, test, and adapt their physical prototypes. At the same time,
the whole process is also updated in real-time in the virtual environment.

What can be improved
Mixed reality is arguably a good way to support the remote collaborative prototyping pro-
cess. However, we noticed that the limitation of these tools is that only the local designers
have a hands-on experience. The limitation is that the remote collaborators can neither
touch nor feel any tangible objects in the local designers’ space.

We valued the physicality of the design ideas and the co-exploration with the physical
prototypes. Therefore, supporting the shared prototyping process in the physical environ-
ment is the gap we want to contribute.

Inspired by both literature and findings from the workshops, we present three initial
ideas for tools on the following pages.
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Initial Ideas for Tools
Shared perspectives + shared prototyping process

Figure 2.9: Storyboards for initial idea 1
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Standardized prototyping kits + Shared interaction experiences

Figure 2.10: Storyboards for initial idea 2
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Synchronizing actions using robots + Shared making experiences

Figure 2.11: Storyboards for initial idea 3
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appendix

Figure 2.12: Overview of all design sketches (1)
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Figure 2.13: Overview of all design sketches (2)
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2.3 Exploration 2: Challenges and Solutions from Real-
World Experiences

Adjusting to a Distributed Collaborative Design Process during the
COVID-19 Pandemic

Abstract
Due to the sudden transition towards online learning caused by COVID-19, we realized the
urgency of deepening our understanding of the distributed collaborative design process.
We conducted critical incident interviews to identify the challenges that design students
and professional designers encountered and how they overcame them in their work. Based
on the insights from this first study, we carried out an online survey to corroborate our
insights. We found that the shift towards online meetings impacts the collaborative design
process. Most notably, it causes reduced co-exploration in the design process, especially
on and with physical objects. This leads us to the conclusion that the current strategies
are not adequate for facilitating designers who work remotely. Following our insights, we
provide suggestions for enhancing the supporting tools for the distributed collaborative
design process.

Introduction
Designers collaborate with each other when dealing with complex design problems. They
share expertise, use diverse skills, test assumptions, and explore new solutions to accom-
plish design tasks [16]. There is an increasing number of designers who work with others
in a distributed design process over a distance around the globe [14]. Hammond et al.[6]
found that although designers spend more time collaborating in such a distributed col-
laborative design process, the limitations of the tools result in fewer design alternatives.
This can even lead to, as Kvan [8] and Cross [2] argued, designers compromising in design
decisions and only partially satisfying the design requirements instead of finding the best
solutions.

During the past year, COVID-19 was a major event that forced many traditional co-
located design teams to change into distributed collaborative design teams. Without suffi-
cient preparation, they lacked tools and experience, which led to many problems but also
interesting solutions. As researchers interested in supporting the collaborative design pro-
cess, we think it is necessary to explore the influence of COVID-19 on the design process.
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While we believe that COVID-19 will eventually ‘go away’, we are convinced that what
we have learned from it will provide us with valuable knowledge and lasting guidance for
the distributed collaborative design process in the future.

We decided to explore distributed collaboration according to the double-diamondmodel
of the design process [1]. To better understand what was happening to collaborative de-
sign teams during the pandemic, we conducted an exploratory qualitative study followed
by an online survey to confirm the patterns found in the first study. The rationale for these
two studies was to learn more about the problems that designers encountered during re-
mote collaboration and how they overcame them. We aimed to identify the main factors
that influenced remote collaboration for the future development of supporting tools.

Related work
Supporting co-exploration in the design process
In design studio environments, Vyas et al.[20] observed that the exploration process is
experiential in nature. Co-exploration may not relate directly to the products themselves
but to the interaction and expression that designers want to communicate through the
products. However, establishing sufficient communication about or with the physical
prototypes is problematic in distributed design processes [4]. Collaborators normally use
front-facing cameras to show physical objects in video chats [12], which causes different
views of the objects and unnatural interactive behaviors around the prototypes. Aiming
at providing a synchronized view among remote collaborators, Telepresence robotics [4]
was created to support remote prototype critiquing. To have a clearer view of the target
objects, Norris et al. created CamBlend [15], which provides a high-resolution focus win-
dow in the video system. Physical Telepresence [9] was developed to show more spatial
information display and rich interaction. These early HCI research projects investigated
video-mediated object-focused collaboration.

The impact of distributed collaboration
We often assume that designers collaborate better face-to-face. Therefore, it is interesting
to find literature that contrasts these assumptions. Tang et al. [19] indicated that when
comparing the outcomes from a co-located and a distributed design team, the design pro-
cess showed no significant differences. Mulet et al.[13] also demonstrated that the degree
of novelty was very similar in both conditions. Both studies generalize their findings to
the overall design process. We do want to note that the studies employed controlled and
brief processes focused on early-phase design ideation. Both design activities and out-
comes revolved around sketches and text descriptions. Even when the design focused on
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interactivity [13], prototypes and iterative prototyping were not considered.
Related literature on online collaboration is widely studied, and we chose to show re-

latedwork that emphasized co-exploration. The impact of distributed collaboration is stud-
ied, but not in longer design processes. We moved forward and further explored remote
co-exploration in the design process and the approaches towards interactive prototyping.

Study One: Interviews
The interviews were set up to elicit reflections on the experiences of distributed design
collaboration caused by COVID-19. The questions in our interviews covered different
perspectives on online work:

• What are the differences in the design process between co-located and remote col-
laboration?

• Which challenges were encountered, and how were they overcome?

• Were there any specific strategies when designers exchanged ideas about and with
physical objects during distributed collaborative design processes?

Method
We conducted semi-structured interviews with eight participants who had distributed col-
laborative design experiences during the pandemic. We used the critical incident tech-
nique [11] to obtain concrete stories related to online collaborative design. We encouraged
the participants to describe specific, recent incidents as detailed as possible. We used crite-
rion sampling [17] to ensure that all participants had experiences with computer-mediated
distributed collaborative design processes.

1) Participants
We aimed for rich insights on distributed collaboration and scouted for different perspec-
tives. Four interviewees were design master students (at least 5 years of design study,
two of the participants had work experience in the field) who enrolled in the same design
course at Eindhoven University of Technology. This course focused on design for inter-
action in the context of home IoT and required prototyping and interaction design. Four
other interviewees were professionals from three different companies. We purposefully
selected interviewees from different backgrounds so that we could have a broader view
regarding remote collaboration. P5 (CEO) and P6 (UX designer) worked in a software de-
velopment company (with a 10-hour time zone difference). They helped us gain a better
understanding of design collaboration across distance and time-zone boundaries. P7 had
worked with a remote partner in a design studio for over 30 years (with no time-zone
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difference). We asked him to share his rich experience in this long-term collaboration,
and we were also curious about the new challenges he encountered during the crisis. P8
worked in a conventional co-located industrial design agency that also had to adapt to
COVID-19.

2) Procedure
The Ethical Review Board of the Department of Industrial Design assessed and approved
the study. Informed consent was acquired from all participants. We interviewed partici-
pants through Skype, each for approximately 45 min. The interviews were conducted to
encourage our interviewees to describe and reflect on the remote collaboration they expe-
rienced during COVID-19 or as their past practice. We also asked for visual material from
the design process.

3) Data Collection
We audio-recorded and transcribed the 8 interviews and saved the pictures that our par-
ticipants showed to us during the interviews.

4) Analysis
We analyzed 8 transcriptions using an inductive free coding approach. We studied the
four interviews with students with a particular focus on the problems that occurred after
the sudden transition from face-to-face collaboration to remote online collaboration. We
read and reread the transcriptions and marked stories with coding tags. After the iterative
process of coding, we aggregated them into 4 major topics with sub-themes. From the
interviews with the four professionals, we learned about international cooperation and
establishing shared understanding among the teams.

The stories of the four students were comparable, while the experiences of profession-
als were more diverse (due to their backgrounds). Therefore, we generated Figure 2.14.
Based on the students’ interviews, and used salient elements from the professionals’ inter-
views to give some codes more weight. Particularly, the aspect of ‘shared understanding
of the whole project’ was much more prominent in the interviews of the professionals
than it was in the interviews of the students.

Results
1) Insights from the Students
In the coding map (Figure 2.14), we describe all main topics and sub-themes with code
frequencies, and their intensities of the relations (line width represents the frequency of
those concepts discussed in relation). We identified the following four main topics with
sub-themes.

• Problems
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Figure 2.14: The coding map with sub-themes, code frequencies, and intensity of the relations.

Before the lockdown due to COVID-19, the students had specific ways to co-design
with their teammates. When COVID-19 hit, they were forced into adopting a completely
remote collaborative design process. The problem of ‘Difficult to exchange ideas in a visual
manner’ was most discussed during our interviews. All student participants identified this
problem during the interviews, especially when they were in the phase of understanding
each other’s ideas. Different from before, the students couldn’t draw on paper and show
their sketches to teammates who sat beside them; instead, they had to express and con-
vey their thoughts by digital means. Other challenges, such as ‘working environment
is limited to screen only’ and ‘feels like not actually collaborating’, correspond with the
abovementioned problem.

To ensure the quality of their design project, students put a lot of effort into adjusting
to the remote collaborative design process, for instance, by having longer meetings. Both
P1 and P3 told us that they tried, but ‘long meetings don’t bring better efficiency’. Instead,
it resulted in another problem: ‘easy to get distracted’. Both P2 and P3 told us that they
had different mindsets when they were in different environments. One of our participants
also mentioned that he felt it was quite a shame to see that only one or two ideas were
documented, while many ideas were just ‘left out without discussion’. Because they did
not go through the traditional exploratory processes, but only decided on one idea, which
could allow them to go further.
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The students also experienced the struggle of discussing with and about physical pro-
totypes. During the exploration of interaction, one of P1’s teammates made some paper
prototypes and 20 short videos (3-4 seconds) to present different interactive behaviors.

“This was super insightful… There was also some point that we were like damn, we need
to do some more prototyping, but we didn’t.” [P1]

We then asked why they had not mademore prototypes. Reflecting on the experiences,
both P1 and P3mentioned that they had a ‘lack of motivation tomake a physical prototype’
at that time. That results in a ‘lack of exploration with physical prototypes.’

• Solutions

‘Sketches’ are the most common way of expressing ideas. P3 and her team combined
gestures with the sketches. Through ‘interacting with sketches on paper,’ they discussed
the interactive behaviors between products and users. The students also tried different
ways to better convey and understand the ideas of interaction. Some of them had made
‘low fidelity models’ and ‘physical prototypes’ before the lockdown and were able to in-
teract with these models in front of the camera to ensure everyone was on the same page.
However, after a few iterations, many details of the design had changed. The old lo-fi pro-
totype could not facilitate their discussion anymore. Therefore, ‘interacting with props’ (a
physical object) was used as a solution during design sessions.

“We just picked something [an object] out of our own room and pretended to resemble the
shape that we tried to do…” [P4]

Besides using props, lo-fi models, and physical prototypes, the participants also found
other strategies to convey ideas about interaction. P3 faced a challenge as her teammate
was confused about one proposed interaction of the product. The other three teammates
had attempted to use ‘short videos of interaction’ and ‘animations of interaction’ to act
out the interaction processes. However, they failed to establish a shared understanding
among the team members. Using ‘pictures or short videos of other products’ was helpful
in this case; they finally came to an agreement on this concept during the ideation process.

• Understanding

Making themselves understood and understanding otherswere the crucial parts of keeping
effective communication among the teams. From the frequencies (Figure 2.14), we can see
that ‘understanding the interactions’ wasmuchmore problematic than ‘understanding the
concepts.’ When the questions came to detail and focused on very specific interactions,
‘understanding the interactions’ was hard because of the remote collaboration settings. P2
stated that it was very important that all teammates had a ‘shared understanding of the
whole project’:
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“... all of us […] were clear about what questions we were talking about and whether these
solutions were what we were looking for.” [P2]

Within the team, they used props to represent their products and had a quick discus-
sion on interaction. If they needed to show others who weren’t familiar with their project,
for instance, teachers or other teams, they made a nice and presentable sketch (or lo-fi
prototype) to ensure their project was understandable.

‘Certainty from others’ understanding’ was alsomentioned bymost of the participants.
For instance, as P2 said:

“… [We] know actually where [other team members] are and how they act [on the infor-
mation received].”

It was important to have the certainty of reading the expressions from others and
knowing what exactly they were thinking.

• Bright side

All the student interviewees said they broke up the design challenge into separate elements
and distributed these elements among the team members as homework. During their
regular meetings, they would discuss all their group-assigned homework and then make
decisions together. Most of them told us that it was ‘more efficient in the phase of decision
making’ [P1] than the physical meetings.

“Everyone wanted to make decisions because we wanted to move forward and not keep
hanging on the Skype meeting.” [P1]

One of our participants also thought she had changed her attitude toward the group
meeting. She was more respectful because she felt more inclined to let people speak and
had ‘more patience with listening’ during the video call with her teammates.

In addition, ‘Less travel time’ and ‘easy to switch the mode from one meeting to an-
other’ were also the advantages of remote collaboration. P2 doesn’t live near the univer-
sity, so he was happy that he didn’t have to sit on the train for hours every day.

2) Insights from the Professionals
We saw overlap in several topics from the professionals’ interviews. The two main over-
laps are “long meetings do not bring efficiency,” and “difficult to exchange ideas in a visual
manner.” Next, we report the additional topics that differed from the students.

- Physical meeting plays an important role
It is not easy to build a remote collaborative design team from scratch without meeting in
person. P6 told us the story about solving misunderstandings between two groups of UX
designers located in two places with a 10-hour time zone difference. They finally bonded
after the teams met in real life. Physical meetings are always needed, regardless of how
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long the designers have collaborated. For P7, a designer who has remotely collaborated
with a partner for 30 years, told us that they did a lot of “parking-lot meetings.” Before
meeting with clients, they met in the parking lot and discussed their physical prototypes
before presenting them to their clients.

“Wewill take a look at themodel together and talk about the detailed things deeper…Maybe
we will also draw some lines on it…” [P7]

• Keep everyone updated

P5 and P6 work in a software development company that follows the agile process. A
“daily scrum” (through recorded progress videos) helped them a lot when collaborating
across the distance. It increased the certainty in both directions: providing the working
progress so that other team members know, and being aware of others’ working progress
so that one can adjust one’s tasks simultaneously.

• Shared understanding

During the interviews with professionals, we also heard stories about establishing shared
understanding and its necessity. P8 told us that at the beginning of a project, they always
had a shared folder with all relevant information. Ideas, mood boards, and anything that
they found interesting would be collected in this folder. Thus, all designers would main-
tain a similar mindset to this project. Besides, there were also various shared samples in
their studio so that team members could refer to the same materials and shapes during
discussions.

Discussion
We had eight insightful interviews. Below, we discuss our insights.

The abrupt change towards online collaboration changed the nature of the collabora-
tive design process, particularly with respect to co-exploration. We see two aspects that
need to be addressed: (1) the social experience that only physical meetings can provide,
and (2) the physicality of design ideas that allow collaborators to interact.

To collaborate effectively, people build on each other’s expertise, on understanding
each other’s reactions, and on predictions of each other’s reactions. These seem to be
grounded in face-to-face social contact before they can be capitalized on in distributed
collaboration. Our interviewees’ stories (particularly P6) indicated that physical meetings
could mitigate the misunderstanding and increase each other’s certainty during the dis-
tributed collaboration. The relatively smooth collaboration of the interviewed students
can be seen as tentative support for this claim, as they started their collaboration face-to-
face.
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As for the physicality of the design ideas, the students emphasized that they missed
the time when they could put their hands on the tangible objects. Decisions and insights
from the design process cannot be transferred in their full richness through sketches and
verbal communication. The story of “parking lot meetings” from P7 supports this view.
The physicality of design ideas is irreplaceable, even for these two well-trained designers
who have remotely collaborated for over 30 years. By sitting together with both of them
and interacting with the prototypes, they could discuss how to refine the design in more
depth.

Looking at the double diamond model of the design process [1], we realize the main
difficulties stand out in the “develop” phase. This divergence process requires designers
to explore, to iterate prototypes, and to test so that they can tune the ideas into the final
design outcomes. Without sufficient support for the co-exploration, the students brought
up fewer design alternatives and left out ideas without discussion. The design outcomes
match what other researchers observed in their experiments [19, 13]. Based on this obser-
vation, we argue that the lack of techniques that support remote co-exploration around
and about physical prototypes might be the reason for the less depth and width of design
alternatives.

Study Two: An Online Survey
In study two, we conducted an online survey with 38 participants. Our goals were the
following: 1) Corroborating the insights of the previous exploratory study. 2) Deepening
our understanding of the remote collaborative design process

Method
The online survey was developed based on insights from study one. Most of the questions
were multiple-choice questions; in some cases, we also offered an ‘open’ option. To evalu-
ate specific techniques in four different scenarios, we used a 7-point Likert scale ranging
from 1 (not at all helpful) to 7 (extremely helpful).

1) Participants
We distributed the online survey to design students. All have experienced a remote col-
laborative design process at least once. To stimulate the students to participate, three €25
gift vouchers were raffled off.

2) Analysis
We received 38 completed questionnaires in this study. Pearson Correlation and Spearman
Correlation were used to examine the relationships. We considered p-values of < 0.05 as
statistically significant.
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Results
• Problems

- Frequency and duration changed
Our participants were asked about their meeting scheduling. The questionswere related to
the duration and frequency of each meeting, and whether they broke up the design project
into separate elements. In terms of duration, online meetings had the following charac-
teristics when compared to face-to-face meetings: 19 shorter, 6 similar, and 13 longer. In
terms of frequency, the characteristics were: 8 fewer, 15 same, and 15 more. In terms of
the group assigned homework: 27 more, 11 similar. Given these numbers, we tentatively
suggested that the nature of the meetings changed during COVID-19; however, when we
tried to find further relations between the meeting characteristics, we found no correla-
tions.

- Less co-exploration and more individual exploration
We asked our participants to choose how their exploration process had changed compared
with their face-to-face, co-located collaboration. 17 participants stated more individual
exploration, and 33 of the participants experienced less co-exploration.

- Factors that influenced the co-exploration
Our participants were asked which factors influenced the co-exploration processes (they
could choose more than one). 27 participants stated that they didn’t have proper proto-
typing tools during co-exploration. 22 participants think that the ‘lack of online tools
for informing and conveying ideas about interaction with products’ influenced their co-
exploration during the remote collaborative design processes.

• Solutions

Based on the interviews, difficulties occurred mostly during the co-exploration process.
We then summarized 9 techniques and 4 design activities from their stories. In the online
survey, we asked our participants to assess these 9 techniques during 4 design activities,
see Figure 2.15 for the categories and results.

- Understanding the whole design project
‘Pitching/presenting to each other’ and ‘showing short videos of interaction (sharing screen)’
were rated as higher than 5 (moderately helpful) in understanding the whole design proj-
ect. 30 participants evaluated the latter beyond neutral.

- Understanding the interaction with a design
Both ‘showing short videos of interaction (sharing screen)’ and ‘interacting with proto-
types (shown in front of the camera)’ were rated as the most helpful techniques during
this design activity. While ‘interacting with props (shown in front of the camera)’ and
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Figure 2.15: Overview of all assessments on the nine techniques in four activities

‘making low fidelity models (shown in front of the camera)’ were also evaluated as higher
than 5 (moderately helpful). A Pearson Correlation was run to determine the relationship
between different pairs of techniques. There was a strong, positive correlation between
‘sketching’ and ‘interacting with sketches on paper’ [r= .576, p< 0.001]. The helpfulness
evaluation of ‘interacting with prototypes (shown in front of the camera)’ significantly
correlates with ‘showing short videos of interaction (sharing screen)’ [r= .674, p< 0.001],
‘making low fidelity prototypes (shown in front of the camera)’ [r= .443, p= 0.005], and
‘interacting with props (shown in front of the camera)’ [r= .327, p= 0.045].

- Exchanging ideas
There were four techniques rated higher than 5 (moderately helpful) when exchanging
ideas. The difference in means of nine techniques during this design activity is not distinct:
‘making low fidelity models (shown in front of the camera)’ is a helpful technique with m=
5.34, while the means of ‘CADmodelling (sharing screen),’ the lowest score of helpfulness,
is 4.82. We run the Pearson Correlation to examine the relationship between different pairs
of these solutions. All other three techniques significantly correlate with ‘interacting with
props (shown in front of the camera)’: ‘sketching (shown in front of the camera)’ [r= .401,
p=0.13], ‘making low fidelity models (shown in front of the camera)’ [r= .791, p<0.001],
‘interacting with prototypes (shown in front of the camera)’ [r= .399, p= 0.013].

- Making decisions
We asked our participants to evaluate the helpfulness of techniques in supporting de-
signers to make decisions more effectively. Compared with the other eight techniques,
‘pitching/presenting to each other’ is the only technique that was evaluated higher than 5
(moderately helpful). We calculated the amount and frequencies of assessing ‘pitching/p-
resenting to each other.’ Almost 1/3 rated it as extremely helpful, which did not happen
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with any other technique in any other design activities.

• Understanding

Our participants were asked which factors influenced them to make decisions (they could
choose more than one). The options include some specific elements relevant to different
phases of the design process, such as ‘understanding others’ ideas’, ‘having a shared under-
standing of the whole design concept’, ‘insights into the other teammates’ thinking pro-
cesses or working progress’, etc. The responses support the insights from our interviews
that many factors made impacts on the decision-making. 25 participants chose ‘there was
an uncertainty of whether team members understand each other’s opinion correctly’ as a
factor that influenced them to make decisions.

Discussion
Responses from the online survey confirmed that meeting schedules changed, but we did
not find correlations between duration, frequency, or assigned homework. One of the par-
ticipants stated that the meeting schedule depended on the tasks. We tentatively conclude
that the meeting scheduling during the pandemic became more flexible and ad hoc.

Another elementwe knew from the interviews is that the efficiency of decision-making
increased. According to the assessment of nine techniques, pitching/presenting to each
other is a helpful strategy for designers to make decisions. Unlike a remote collaborative
design team built from scratch, the students knew each other before and had experience
working together. However, the missing social element of tool use might be the reason
why uncertainty remains the most influential factor.

Not all the aspects of a design can be captured in abstract representations such as
text or sketches [5]. Designers need to explore together by using the prototypes [3], so
that they can learn related knowledge, explore pain points, generate new design ideas,
and refine the final design outcomes [10]. We noticed the lack of co-exploration when
interviewing the participants, which prompted us to elaborate in the second study. Re-
sults showed that the groups distributed more individual design tasks when they collab-
orated remotely. Co-exploration decreased, but participants indicated that this was not
compensated for by the individual explorations. We analyzed the factors that influenced
co-exploration. Apart from the lack of (availability of) tools (e.g., for digital sketching or
making physical prototypes), the other big barrier was the problem of conveying their
ideas with regard to interactions with a design. From this, we conclude that the nature of
the meetings changed, from active co-exploration sessions, to idea presentation sessions.
The participants of the first study felt that ‘interacting with sketches on paper (shown
in front of the camera)’ provides a way for quickly describing the interaction. This is
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understandable, and arguably, this technique is even faster than interacting with props or
low-fidelity models (this was also corroborated by literature [20, 19]. However, it does not
support the understanding of interaction as much as the latter. The assessment of the nine
techniques in the four different activities (Figure 2.15) shows that both ‘sketching (shown
in front of the camera)’ and ‘interacting with sketches (shown in front of the camera)’ are
generally not scored higher than ‘moderately helpful’. The ratings in the exchanging ideas
activity are the exception. This result can be explained by some earlier research. Vyas et
al.[20] as indicated that during the exploration process, co-designers use different levels
of prototypes (including sketches, mock-ups, working prototypes, etc.) In a comparison
experiment, Faas et al.[3] demonstrated that designers who used both sketching and proto-
typing techniques explored design problems in more depth, and the final design outcomes
were perceived as more creative. We conclude that sketches can successfully support de-
signers to express their concepts quickly in the early stage of the design process (hence
the relatively high scores for sketching in exchanging ideas). However, with the design
ideas getting more concrete and related to detailed interactions, it is hard to convey the
full richness of interaction without physical objects and associated gestures.

Limitations
Our study is limited in size and scope, and that means that we generalize from the study
with caution. Additionally, aspects relating to the dynamics of teamwork were left out
of the study (e.g., relationships and conflicts [18] between the team members) as were
stresses induced by COVID-19 [7].

Conclusion
The shift towards online meetings caused reduced co-exploration in the design process,
especially on and with physical objects.

The first study with 8 participants provided insights into how designers dealt with var-
ious difficulties during the distributed collaborative processes. We identified four main
topics (‘problems’, ‘solutions’, ‘understanding’, and ‘bright side’) to cover the content of
the students’ experiences. The professionals enriched these insights by adding three topics:
‘Physical meeting plays an important role’, ‘keep everyone updated’, and ‘shared under-
standing’. Integrating both students’ and professionals’ insights, we found that physical-
ity required our particular attention. It breaks up into (1) the social elements in physical
meetings and (2) the physicality of design ideas.

To deepen our understanding of all the insights we found, a follow-up online survey
was conducted. The second study confirmed the findings with statistical evidence and
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provided us with information to explore further. The results confirmed that the nature of
the collaborative design process changed due to the pandemic. Investigating the reduced
co-exploration during the design process provided the insight that not only are the tools
for doing this online lacking, but also the difficulties in conveying ideas of interactions
with a design contributed negatively. Next to this, they experienced uncertainty about
whether they understood each other correctly in their online meetings.

Our findings contribute to the field not only during the pandemic but also to distributed
collaborative design processes when we return back to normal.

Future work
Based on the insights from the two studies, we plan to improve the supporting tools dur-
ing the distributed collaborative design process. Besides being aware of social elements in
physical meetings, we emphasize the importance of the physicality of design ideas, espe-
cially during the co-exploration process.

We aim to improve on these tools and provide co-explorers the opportunity to actually
transform their ideas into physical interactions with tangible objects (props, lo-fi models,
physical prototypes, etc.) that are synchronized across the boundaries of the digital media.

We look forward to integrating these insights into new tools to support the distributed
collaborative design process.
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2.4 Reflection
In this chapter, I presented two explorations that deepened my understanding of remote
design collaboration, with a particular focus on prototyping processes. These studies were
guided by two research questions: (RQ1) How do designers envision future tools that
could better support the remote collaborative prototyping processes? and (RQ2) What
difficulties arose in remote design collaboration under constrained circumstances, and how
did designers respond?

The first study explored speculative scenarios for future tools to support remote col-
laborative prototyping, inviting designers to envision solutions that address current lim-
itations. Their visions focused on synchronizing design outcomes and enabling shared
experiences of the design process to support understanding and decision-making. By an-
alyzing the sketches and ideas generated during this study, I identified three key areas
for improving remote prototyping tools: standardized prototyping environments, shared
prototyping experiences, and improved documentation workflows; and two technological
directions being envisioned: mixed reality integration and robotic systems for synchro-
nizing actions across distance.

The second study shifted focus to real-world constraints introduced by the COVID-19
pandemic, providing a timely examination of remote design collaboration. Participants
described a notable decline in what they referred to as “co-exploration” activities during
the prototyping process. They used this term to characterize the collaborative exploration
of ideas, activities in which teammembers built upon each other’s input, developed shared
understanding, and engaged in hands-on work with prototypes. Participants attributed
this loss of “co-exploration” to the lack of appropriate tools for making and interacting
with physical prototypes, which made it difficult to demonstrate interactions or iterate
together on design ideas. To adapt, many teams increased individual exploration and relied
on scheduled meetings for presentation and discussion. However, participants reported
difficulty replicating what they valued most: the collaborative, iterative exploration of
ideas together with teammates supported by physical engagement.

Reflecting on these two studies, I find it striking how closely theymirrored one another.
At first, designers speculated on what fully remote collaboration might look like. Almost
overnight, those imagined scenarios, remote teamwork, and total dependence on digital
tools became everyday challenges. What was once hypothetical became routine in de-
signers’ daily practice. The value of physical prototypes and in-person discussion became
even more apparent. Participants shared various strategies that helped them maintain
some level of collaboration during restrictions. These included taking turns working on
physical prototypes to avoid direct contact, using props to communicate ideas remotely,
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and meeting briefly in parking lots for quick, in-person discussions. Each of these strate-
gies underscored how essential physicality was: not only with the prototypes themselves,
but also with other team members in shared spaces.

Although research and industry have introduced many tools intended to support re-
mote design collaboration, my exploration during the pandemic showed that few were
effectively adopted in real practice. Supporting prototyping processes requires more than
facilitating virtual meetings. It involves the ability to reference, touch, and manipulate
shared physical artefacts while developing ideas collaboratively. It also depends on non-
verbal communication, such as gestures, gaze, and body language, and on the informal
social dynamics that help teams build shared understanding and maintain cohesion when
working remotely.

These insights prompted a deeper investigation into the ways remote prototyping pro-
cesses are currently supported. To do this, I conducted a literature review that system-
atically explores the existing tools and strategies designed for this purpose. This further
investigation is presented in Chapter 3.
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3.1 Introducing this Chapter
This chapter continues my investigation into how tools can be designed to support re-
mote collaborative prototyping processes. It builds on the findings from Chapter 2, where
I identified the prototyping process as a critical yet underexplored domain in remote col-
laborative design. While the previous studies revealed initial themes and directions, they
primarily served as a starting point, prompting me to recognize questions that warranted
a deeper understanding. In this chapter, I deepen the inquiry by examining how tools and
strategies explicitly aim to support remote prototyping processes. Specifically, I investi-
gate what kinds of support are needed when physical co-presence is no longer available,
and how existing tools either address these needs or reveal new challenges.

While exploring literature and reading relevant studies to familiarize myself with dif-
ferent approaches, I observed that many tools are built on the assumption that collabo-
rative processes in co-located and remote settings are fundamentally comparable. As a
result, these tools often attempt to replicate key aspects of co-located collaboration by re-
producing the design artefacts themselves or simulating collaborative environments. For
instance, shared digital canvases translate physical sketches into virtual spaces where col-
laborators can draw simultaneously and respond in real-time [102, 101]. Synchronized
CAD files support real-time design alignment in virtual spaces [36], while identical tan-
gible components aim to recreate the shared tactile experience of co-located prototyping.
Brainstorming sessions, once conducted around physical tables, are now adapted using
platforms such as Miro [69] or Mural [68], enabling participants to cluster virtual post-
it notes while communicating via video or voice call. Such replication efforts preserve
traditional practices while adapting them to new conditions.

Replicating design artefacts or collaborative environments lays the foundation for iden-
tifying which qualities of interaction are lost or weakened when moving from co-located
to remote work. As these limitations become apparent, new tools have emerged to address
them. For instance, systems that share eye contact [44] or eye gaze help restore a shared
visual focus [32], while gesture recognition technologies aim to reintroduce embodied
forms of interaction otherwise diminished in digital spaces [41].

Whilemany tools focus on enhancing interaction cues that areweakened in remote set-
tings, other dimensions of collaboration require more than enhancement. Certain forms
of interaction, like informal communication, peripheral awareness, and spontaneous co-
reflection, are more difficult to support in online meetings. These interactions often de-
pend on physical co-presence, where team members can casually observe one another’s
actions, overhear conversations, or join discussions in a spontaneous and unstructured
way. In virtual settings, interactions tend to be more scheduled, explicit, and task-driven,
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which limits the conditions under which such informal or peripheral exchanges can nat-
urally occur unless explicitly designed for in the digital environment. Some researchers
have begun to develop tools that move beyond replication, creating opportunities for these
interactions to occur. For instance, Contact Portal [91] facilitates informal exchanges and
lightweight information sharing, supporting the kind of unstructured interactions that
build rapport and trust. TeleAR [100] combines telepresence with augmented reality to
maintain shared awareness of collaborators’ presence and activities. These examples sig-
nal a growing recognition that supporting remote collaboration involves more than pre-
serving old practices: it also requires cultivating conditions for new forms of connection
to arise.

However, replication is only part of the answer. While the tools mentioned above
illuminate what changes when collaboration shifts online, they do not fully address what
designers actually need in remote settings. Rather than focusing solely on the question
“How can we do the same thing remotely?”, I realized it was equally important to ask, “What
is needed when we are no longer physically together?” This shift in perspective shaped the
next stage of my research. Rather than beginning with existing tools, I first examined the
underlying needs of co-located design collaboration and then analyzed how these needs
are supported or neglected by current tools.

Section 3.2 presents the systematic literature review and is guided by Research Ques-
tion 3 (RQ3): What are the current strategies and limitations of existing tools for
supporting remote prototyping? To approach this, I began by analyzing the underlying
needs and used these as criteria for selecting papers. Following PRISMA guidelines, I sys-
tematically reviewed 50 tools related to remote prototyping and collaboration. The analy-
sis focused on how collaboration was structured, the specific functions and tools offered,
the design practices they enabled, and the evaluation methods employed. Key findings
reveal two types of support. The first type involves synchronizing digital and physical
prototypes generated from individual prototyping processes, ensuring that all collabora-
tors can stay updated in real-time. However, these tools often only allow collaborators
to observe changes, rather than interact with and modify the prototype collaboratively in
real time. The second type is commonly seen in remote collaboration on physical tasks,
where interactions tend to follow a one-directional, expert-novice dynamic. In this sec-
ond type, collaborators are able to interact with each other in real-time, but the nature
of their engagement is not truly collaborative. Rather, one person typically guides while
the other follows, instead of both collaborators actively contributing toward a shared goal
through mutual engagement. These findings underscore the need for tools that support
“co-exploration,” enabling collaborators to engage, interact, and shape the design process
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together in real-time.
Section 3.3 reports on two exploratory tool designs developed through constructive

design research methodologies. Building on insights from the literature review and my
earlier study on remote design collaboration during the COVID-19 pandemic (study 2), I
coached two student teams using constructive design research methodologies to explore
how we can support co-exploration in remote prototyping processes. The first team devel-
oped ShapeOverlay, a digital toolkit intended to facilitate interactive discussion during re-
mote prototyping. The second team introduced theMulti-Material Making (MMM) toolkit,
a physical toolkit aimed at supporting ideation at a distance. With the students’ permis-
sion, I summarize and briefly report each project as a case study, detailing the design of the
tool, the methods used, and key findings. By observing how the two teams approached the
challenge, I critically reflected on prevailing assumptions about co-exploration. A notable
insight is that both teams, despite working separately, focused on enhancing co-making
and group discussions through tool designs that prioritized sharedmaterials, synchronized
experiences, and real-time manipulation of artefacts.

Section 3.4 offers my reflection on insights gained from both the literature review
and the two case studies. I began to question the assumption that co-exploration could be
directly supported by providing real-time synchronization or shared physical artefacts. I
realized that the term “co-exploration” had often been used loosely, by both the students
and me, to refer simply to the act of exploring physical prototypes together. While tool
designs emphasizing shared materials and synchronized experiences improved aspects
of remote collaboration, they did not fully capture the essence of co-exploration. This
reflection marked a turning point in my research. I recognized the need to develop a more
rigorous and nuanced understanding of what co-exploration actually is, what mechanisms
enable it, and what value it brings to collaborative design. These questions guided the next
steps of my PhD journey.
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3.2 Systematic Review of Current Tools and Strategies

Design Tools for Supporting the Remote Collaborative Design Process: A
Systematic Review

Abstract
As design collaboration shifts from co-located to remote, both human-computer interac-
tion (HCI) and Computer-Supported Cooperative Work (CSCW) have been seeking ways
to support distributed collaborative design processes. We noticed that a lot of studies fo-
cused on the early phase co-ideation process, i.e., brainstorming and sketching, while the
later phase co-exploration through iterative prototyping remains relatively unexplored.
Therefore, improving the remote collaborative design process remains a research chal-
lenge. This literature review elaborates on the current supporting tools and their cor-
responding strategies during different design practices. We provide an overview of the
design space for improving the remote collaborative design processes. Moreover, we iden-
tified gaps and opportunities for future research and tool development in the remote col-
laborative design process. We end this paper by concluding the insights with a research
agenda for our future research.

Introduction
Designers collaborate during the design process. They share expertise, bring different
skills, establish a shared understanding, and explore together to accomplish design tasks.
Research on supporting tools for the distributed collaborative design process has an in-
creasing popularity in both human-computer interaction (HCI) and Computer-Supported
Cooperative Work (CSCW) fields. For instance, shared whiteboards for co-ideation [17,
40, 59, 60, 58], shared prototyping platforms for co-making digital models [67, 80, 90],
shared augmented-reality (AR) spaces with different visual communication cues [4, 43, 44,
87], etc. These tools focus on using mediated approaches to achieve a real-time collabora-
tive design process, similar to what they would experience when working in a co-located
environment.

However, the full richness of design ideas cannot be transferred properly by any medi-
ated approaches yet. In previous research [103], we found many problems that negatively
influenced the distributed collaborative design process, for instance, lack of proper means
for communicating ideas of interaction [103], missing awareness of the activities of the
remote collaborators [5, 65], and difficulties in effectively critiquing physical prototypes
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[62]. In a domain such as industrial design, prototypes play a vital role in supporting cre-
ativity and innovation [57, 73, 76]. Throughout the design process, designers often engage
in several iterative cycles of exploration, using many different kinds of prototypes, such as
sketches, mock-ups, models, and working prototypes [91]. We noticed that a lot of studies
focused on supporting the early phase of the co-ideation process, i.e., brainstorming and
sketching [20, 64, 85]. The later phase of co-exploration through the iterative prototyping
process remains relatively unexplored.

In this paper, we reviewed recent tools that aim at improving remote design collabo-
ration, particularly the prototyping process. We carried out a systematic literature review
with the following objectives:

• To understand the current tools with corresponding design activities during the it-
erative prototyping process.

• To understand the tool’s design strategies and find the gaps for improvement.

This review is structured as follows. We begin with a brief, tailored review as back-
ground (section 2) to understand both co-located and remote collaborative design pro-
cesses. We identify designers’ needs from the literature and frame their corresponding
design strategies for supporting remote design collaboration. This tailored review is done
to inform the selection criteria for the main literature review, which starts from section
3. We explain the methodology of our main review following PRISMA guidelines. In sec-
tion 4, we present the data in charts and briefly summarize our findings. Section 5 goes
more in-depth. We elaborate on the patterns that we found, as well as map out gaps and
opportunities for future research and tool development in the remote collaborative design
process. Finally, we conclude this paper with a research agenda consisting of three top-
ics: 1) designing tools for supporting shared experiences during the collaborative design
processes, 2) extending the research studies involving more phases of co-exploration, and
3) considering conducting more structure-based design experiments and applying more
design-related evaluation criteria.

Background
Our inquiry starts with the assumption that the design process is comparable in both co-
located and remote collaboration contexts. This means that we assess tools in accordance
with the co-located collaborative design process and utilize them as a model for the remote
collaborative design process. Therefore, we first investigate what designers need from the
tools during co-located design collaboration. Then we explore the trend of remote design
collaboration to understand emerging problems and opportunities. In the last step, we
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synthesize the insights from the first two steps together and identify design strategies for
supporting remote collaborative design processes. The outcomes of this tailored review,
namely the four design strategies, serve as our selection criteria for the systematic litera-
ture review.

Co-located design collaboration
Physical proximity has been studied in the literature as a factor influencing collaboration
[75]. Within the field of industrial design, especially (interactive) product design, design-
ers usually collaborate with each other in a geographically co-located context. Physical
proximity provides the advantage of being aware of one another’s status quo and allows for
the development of a shared understanding of the shared design challenge [48]. Through
observing howdesigners collaboratewithin co-located design studios, Vyas [95] noted that
exploration plays an essential role during design collaboration. We chose to focus on the
exploratory phases of the design process, including the ideation and prototyping process
[28]. The exploration phase and its techniques, e.g., brainstorming, developing interaction
mechanisms, and testing prototypes, encompass experiential, creative, and inspirational
interactions among designers [6, 14, 79, 92]. Throughout the exploration process, design-
ers apply various design activities to stimulate creativity. They question one another, and
the questions are often not intended to engage a solution, but rather to fill in details in
order to establish a shared understanding of the design challenge among the team [83].
We investigate designers’ needs during a co-located collaborative design process to bet-
ter understand the supporting strategies behind different tools. Several previous studies
identified different features of design collaboration. Tang [86] identified five features of
collaborative activities that should be taken into account when designing collaboration
tools: gestures, spaces, the process of collaborative drawing itself, the mix of simultane-
ous activities, and the spatial orientation of co-workers. Scott et al. [77] identified four
user requirements for collaboration: accessing and use of the objects, interaction between
users, transitions between activities, between individual and group work, transitions be-
tween spaces, and simultaneous user interactions. Vyas et al. initially identified three
characterizations of collaborative design practices [91]: externalization, use of physical
space, and use of bodies. They later reformulated these themes into: the use of artefacts,
use of space, and designerly practices [95]. We found patterns and mechanisms that are
catalyzing design collaboration, and we distilled these into four needs of designers in col-
laborative design processes:
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• A need for prototypes in different levels of fidelity (N1)

Prototypes play a pivotal role in supporting communication and co-creation during
the design process [57], aided by the richness of the material artefacts [39]. They
evoke a focused discussionwithin teams [76] and help designers go through iterative
cycles of exploration to reach concrete design ideas [18]. At different stages in the
exploration process, they use sketches, mock-ups, models, working prototypes, and
so on [6, 24, 92].

• A need to express bodily actions (N2)

Our bodily movements convey emotions as well as geometry and interactions [36],
and this is used as a powerful technique for design exploration. By using bodily
actions, designers gain a better understanding of the design task and explore new
possibilities [7, 49, 95].

• A need for different types of spaces (N3)

Designers require different types of spaces during design collaboration. Spaces are
not only for organizing their projects during the design process but also for sharing
themwith coworkers [94]. These spaces help designers to discuss andmodify design
content more easily, allowing them to refer to specific design phenomena and leave
signs of their actions even when not all members are present [86, 92, 93].

• A need to engage in creative social practices (N4)

Designers employ a large set of collaborative methods and approaches to construct
new design ideas, such as co-creation [25], co-making [48], co-reflection [71], etc.
Creative social practices contain an iterative process of creating and reflecting [89].
By designing together and co-reflecting in and on their work, designers establish
common ground, build on each other’s ideas, and thus get a broader and deeper
grasp of the solution domain [95].

Remote design collaboration
We first investigated the common assumption that designers collaborate better face-to-
face, and hence that the collaboration suffers from being distributed. Hammond et al. [31]
found that, although designers spent more time collaborating in a distributed collaborative
design process, they produced fewer design alternatives. Eris et al. [20] indicated that
compared to a co-located design team, remotely collaborating designers were less likely
to use gestures; instead, they spent more time on drawing. Also, they participated in fewer
studies and discussions about the design problem. Kvan [50] and Cross [16] argued that
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this could even lead to designers compromising design decisions, prohibiting them from
finding the best solutions. On the other hand, other research has presented findings that
contradict the assumption. Tang et al. [85] indicated that, when comparing the outcomes
from a co-located and a distributed design team, the design process showed no significant
differences. Adding evidence, Mulet et al. [64] demonstrated that the degree of novelty
was very similar in both conditions. Moreover, according to Rice et al. [74], distributed
teams canmore effectively brainstorm, create documents, confirm decisions, and negotiate
how to proceed.

We tried to understand these very different conclusions from the literature around the
effectiveness of distributed collaboration. The explanation is that the studies that found no
differences between co-located and distributed design collaboration have employed con-
trolled and brief studies focused on either the early design ideation or the decision-making
process in the computer-mediated collaboration teams. Participants in these studies joined
in the group activities, likely the same as general users in the CSCW field. Their design
practices and outcomes revolved around sketches and text descriptions. Even when the
design focused on interactivity, physical prototypes and iterative prototyping processes
were not considered. Therefore, we question whether the studies on both sides investi-
gated the same phenomenon, as they framed the design process very differently.

At present, design practice is experiencing change. We observe that more and more
design studios are engaged in distributed collaboration mediated by digital means. Un-
like co-located collaboration, designers often can’t or do not explore together anymore.
Looking at the literature with its corresponding phases, we found only a few tools aimed
at supporting distributed collaborations with (physical) prototypes. This issue was fur-
ther exposed due to the global pandemic because designers were dramatically forced to
shift to remote collaboration without sufficient preparation. Observing and surveying de-
signers during the pandemic [103] corroborates the current status of the supporting tools:
although certain designerly practices were less negatively influenced by remote working,
some phases, particularly the (physical) prototyping process, lack appropriate tools.

Supporting remote design collaboration
As we mentioned before, designers have a need for prototypes at different levels of fidelity
(N1) during the design process. Similarly, designers often use their bodily actions (N2), i.e.,
‘point at’ certain things, or to demonstrate their ideas of interaction. Besides, different
types of spaces (N3) and creative social practices (N4) also provide opportunities for de-
signers not only to present their work but also to inspire each other during co-exploration.
However, current studies show that these four needs are not properly met when design-
ers work together during remote collaborative design processes. Therefore, we formulated
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four corresponding design strategies to improve remote design collaboration, which were
used as our inclusion criteria for selecting papers:

• Improving the prototyping process (S1)

Design is a co-evolving process in which problems and solutions change iteratively
[101]. After reviewing 300 articles of empirical design studies about prototypes,
Camburn et al. [9] pointed out that it is critical to prototype multiple iterations.
The strategy of improving the prototyping process does not only include accelerat-
ing the prototype production [70, 98], but also includes concepts like reusing the
prototypes to find new design spaces [63], synchronizing the prototyping process
between digital and physical worlds [54, 97], and improving the experience of col-
laborative prototyping [81, 82]. We also investigated tools that aim at improving
individual prototyping processes, if these could arguably augment the collaboration
process and encourage co-exploration.

• Making bodily actions visible (S2)

By introducing the Design Movement approach, Hummels et al. [36] demonstrated
that bodily actions work as a design technique since they convey emotions, geo-
metric information, and ideas of interactions. Buchenau M. and Fulton Suri J. [7]
indicated that the vividness of using different bodily patterns and exploring differ-
ent possibilities helps designers make better design decisions. Kim et al. [42, 44, 53]
investigated sharing various bodily actions through Mixed Reality (MR) techniques.
They combined gestures, pointers, eye gaze, and sketches during remote collabora-
tion. The results showed that the participants achieved fast completion times and a
high level of co-presence. We investigated the tools claimed for improving shared
bodily actions in general CSCW, since the design process also contains various bod-
ily actions, thus these tools can possibly be applied to remote design collaboration.

• Providing different uses of spaces (S3)

Seeing the same object is necessary when designers work in a distributed fashion,
as well as being around each other but looking at different things [23, 62] Research
showed that with an independent view (e.g., shoulder-by-shoulder [8] or an out-
of-body view as a ghost [41]), participants could understand the remote spatial
situation easier than through the dependent view. Except for their actual spaces,
designers also share working spaces that are more conceptual, i.e., artful surfaces
[94]. For instance, Helaba [30] supports recording design rationale and decisions in
a shared workspace, while ReflectionSpace [78] provides better support for recall-
ing and communicating about the design process, decisions, and related resources.
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Designers present their spaces and surfaces related to the ongoing design projects
and encourage each other to collaborate. All different spaces together construct
the atmosphere with the full richness of visual information so that designers can
immerse themselves in a certain project.

• Encouraging creative social practices (S4)

Frich et al. [25] offer an overview of Creativity Support Tools (CSTs) and their po-
tential. They found that there are some off-the-shelf digital technologies for helping
designers accomplish their creative tasks, such as Adobe Creative Suite [84] and 3D
modelling software Autodesk Fusion 360 [67]; However, most of the CSTs for de-
sign collaboration often never leave the labs in which they were created and don’t
have sufficient support for remote co-exploration. We found that while distributed
remote collaboration cuts off the physical connection, it also limits the possibility
of having effective creative social practices. Therefore, the last strategy that we
identified is encouraging creative social practices among designers in the remote
collaborative design process.

Method
Literature search

We encountered hardware and software from the fields of engineering and computer sci-
ence [33], as well as design interventions and conceptual frameworks from HCI [11, 100];
similarly, various types of workflows and collaborationmethods fromCSCW [19, 55]. Due
to the multidisciplinary nature of the topics covered, we used a two-step method: first, a
systematic review bymeans of a directed search, and a follow-up snowballing based on the
findings to also include different repositories. We first carried out a systematic literature
review [47] that covered papers written in English and published between January 2013
and December 2021. We chose to use the ACM digital library as a starting point since it is
a large library with many relevant categories of work (e.g., CSCW, Collaborative and So-
cial Computing, etc.) that offer a sufficiently broad perspective for our review. A Boolean
search string (see Table 3.1) was developed across two categories of keywords: prototype
and collaboration. To fill gaps in our overview caused by limitations in the ACM database
or limitations in our filtering, we then employ a snowballing approach to also include pa-
pers from outside the ACM database. To accommodate the snowballing effort, we used
the CONNECTED PAPERS [68].
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Table 3.1: Literature search

Categories Boolean search string
Prototype (Prototyp*) OR (object) OR (artefact) OR (artifact) OR (prototyping process) OR (proto-

type critique) OR (physical prototype)
AND

Collaboration (Collaborative design) OR (remote collaborative design) OR (distributed collaborative
design) OR (cooperative design) OR (remote collaboration)

Inclusion & exclusion criteria
Weproposed four design strategies in the former tailored review (see background). During
the paper selection process, we used them as our inclusion criteria. Inclusion criteria:

• Improving the prototyping process (S1)

• Making bodily actions visible (S2)

• Providing different uses of spaces (S3)

• Encouraging creative social practices (S4)

Exclusion criteria: Collaboration methods, workflows, and frameworks were excluded
from the selections since they often did not aim at supporting the prototyping process
in actual design practices, but rather supporting remote communication in general.

Paper selection process
The selection process followed the steps outlined in the PRISMA guideline [61], as shown
in Figure 3.1. Through ACM databases, 813 results were identified. Following the screen-
ing process, we read the entire texts of 104 papers. To broaden our search fields, we used
a snowballing approach to extend our search fields and find further relevant literature.
Based on the papers that we already found, 34 additional papers were included in the
assessment for eligibility. During our final selection, we tried to avoid repeating similar
supporting tools that used the same technology and design method in slightly different
contexts. However, for highly repetitive design cases, we kept two to three of them to
compare the detailed design options. Some research papers are about a series of progres-
sive but the same type of tools, so we chose the most comprehensive one. In this way, we
enrich the selection but avoid repetition since this study aims to provide structured sup-
porting strategies instead of investigating the development history of the collaborative
design process. Eventually, eight papers were filtered out during the screening process.
This review included 50 papers after the title and abstract screening, full-text analysis, and
rolling back to relevant studies in the references of selected papers.
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Figure 3.1: PRISMA flow chart of study selection process

Results
We included 50 papers from different venues in total. 20 papers were from the CHI Con-
ference (one of the top international conferences for the field of Human-Computer Inter-
action). Next to it, 5 papers were from UIST (User Interface Software and Technology),
2 from each of IEEE International Symposium on Mixed and Augmented Reality, IEEE
Transactions on Visualization and Computer Graphics, Journal on Multimodal User Inter-
faces, C&C (Creativity & Cognition), and 1 from each of the venues of several others, for
instance, TEI, DIS, CSCW, etc.

The gap between individual prototyping processes and remote collaboration
We identified these 50 papers into two main categories: design and remote collaboration.
Our standard for defining the included papers was whether the participants participated
in design activities and had designerly practices. If so, we grouped them as ‘design’, and
if not, as ‘remote collaboration’.
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Table 3.2: Overview of all 50 reviewed papers in different years and publications

Years CHI UIST IEEE
Interna-
tional
Sympo-
sium on
Mixed
and Aug-
mented
Reality

IEEE
Transac-
tions on
Visual-
ization
and Com-
puter
Graphics

Journal
on Mul-
timodal
User In-
terfaces

C&C Others
(TEI, DIS,
CSCW,
etc.)

Total

2013 [81] [78, 99] [33, 37] 5
2014 [63] [44] [1, 44] 4
2015 [2, 45] [98] [97] 4
2016 [22, 70] [46] [29, 38] [26, 11] 7
2017 [54] [34] [13, 52] 4
2018 [3, 23, 66,

69]
[99] [53] [35, 30] 8

2019 [27, 43, 51,
87]

[88] [8, 55, 72,
96]

9

2020 [4, 12, 56,
82, 104]

[42] 6

2021 [15] [21, 32] 3

29 of the 50 included studies focused on design processes related to the prototyping
phase, and 24 on facilitating remote collaborative physical tasks. Four papers intersect
these two fields. Of these 29 design-related papers, 20 investigated supporting the indi-
vidual prototyping process, and 9 papers targeted supporting collaborative design teams.
Four of these nine papers explicitly targeted supporting remote collaborative design teams,
three supported co-located design teams, and two were applicable to both.

Figure 3.2: Different categories with numbers of the research

25 papers focused on supporting remote collaborative physical tasks. In 17 out of 25
papers, physical tasks mainly referred to remote assembly, searching guidance, artefact
manipulation, etc. Kim et al. identified this type of collaboration as in a remotely helping
situation [45], where the remote user is an expert helping or guiding the local user. Four
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papers out of these 25 focused on supporting parallel experience, in which “both users
actively collaborate to achieve a goal and share the experience equally” [45].

Leading strategies for different domains
As we explained in the ‘method’, we used four strategies as the selection criteria for un-
derstanding the present supporting tools. 20 of the 50 studies focused on assisting the
individual prototyping process, and 30 papers facilitated team activities. As depicted in
Figure 3.3, we found that ‘improving the prototyping process’ (S1) was employed in ev-
ery study as the foundation of the tool for supporting the individual prototyping process.
For supporting group activities, however, ‘encouraging creative social practices’ (S4) was
rarely used as a standalone strategy; instead, most selected papers used this strategy to-
gether with ‘making bodily actions visible’ (S2).

Figure 3.3: Distribution of 50 included papers in supporting strategies (S1: Improving the prototyping process.
S2: Making bodily actions visible. S3: Providing different use of spaces. S4: Encouraging creative social
practices)

Four papers [12, 37, 66, 11] used ‘providing different use of spaces’ (S3) together with
‘improving the prototyping process’ (S1) to provide designerswith a digital-physicalmixed
platform to explore their prototypes. The researchers exploited the strengths of digital-
izing 3D prototypes to facilitate designers trying out different design concepts, making
video prototypes, and tracing histories of different design stages. Two papers [46, 56]
employed ‘making bodily actions visible’ (S2) during the prototyping process so that the
designers could quickly create and easily adjust their interaction ideas.

Of the 30 papers supporting team collaboration, only one paper [15] used ‘encour-
aging creative social practices’ (S4) independently to improve video communication by
providing more user-designed icons. The most commonly used strategies were S2+S4 (19
papers), followed by the combination of S3+S4 (5 papers) and S1+S3+S4 (3 papers). Two
other papers based their tools on, respectively, S1+S2+S4 [81] and S2+S3+S4 [88].
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Activities with varying degrees of complexity

As shown in Table 3.3, several different types of activities for demonstrating and evaluating
the supporting tools were presented in the included 50 papers. We grouped these activities
into three categories. Despite the actual design activities during the design process, we
also defined two additional categories: simple object manipulation and complex tasks. Our
judging principle was whether the participants were required to make a plan for achieving
the goal. To be specific, finding and moving a Lego block by guidance is simple [29],
whereas finding a way by discussion to assemble Lego blocks into a pre-defined shape is
complex [35]. Note that all these activities were not limited to design activities only. We
considered tools that support different activities during the prototyping process as being
in the same spirit as utilizing general CSCW tools to support the collaborative design
processes. Examples include pointing and assembling objects, measuring, and modifying
prototypes, or communicating through hand gestures and other body language, etc.
Simple object manipulation

Researchers used some simple physical tasks to demonstrate the feasibility of the support-
ing tools for remote collaboration. The three most common tasks were Lego assembling,
making a Tangram, and folding origami. Nearly 1/3 of the tools chose to use Lego for
the activities in their studies [4, 13, 22, 26, 29, 33, 34, 35, 41, 42, 53, 81, 87]. Typically,
one collaborator guided the other collaborator in locating the correct pieces and then con-
structing a specific structure [1, 2, 8, 23, 52, 87]. Throughout the tasks, the collaborators
had verbal communication with the assistance of different types of visual communication
cues. For instance, eye gaze, sketches, pointers, or hand gestures. During the studies, the
investigators normally did a set of comparison studies to evaluate different cues and their
combinations.
Design process

Since our searching keywords already set the scope of the prototype-related design pro-
cess, 25 of 29 tools focused on supporting the exploration process, while the remaining
four papers [15, 30, 72, 78] provided some general support for design collaboration. Seven
studies explicitly investigated the ideation phase [3, 27, 46, 51, 56, 66, 11]. For instance,
Piya et al. [11] developed an interactive platform that allowed users to (a) scan and re-
arrange physical objects as modeling components, (b) modify the components to explore
different forms, and (c) compose them into a meaningful 3D model. The other six papers
focused on making prototypes [12, 37, 63, 81, 99, 104]. The difference between ‘explore’
and ‘explore (prototype only)’ was whether the tools could be immediately modified dur-
ing the iterative prototyping process. We found 11 advanced tools for exploration. The
following are two examples: the first one is SPATA, developed by Weichel et al. [97].
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Table 3.3: Types and examples of included practices in the studies

Practices Studies Example

Simple object
manipulation

Lego: search,
manipulation,
assembly

[4, 13, 22, 26, 29,
33, 34, 35, 41, 42,
43, 53, 81, 87]

One collaborator is tasked to aid another
collaborator in searching for specific Lego
bricks and constructing a pre-defined shape.

Simple objects:
search, spatial
arrangement

[1, 2, 8, 23, 52,
87]

One collaborator is tasked with guiding the
remote collaborator to identify the needed
blocks and then placing them into the right
positions and orientations.

Tangram [22, 45, 42, 43,
44]

Two individuals collaborate to solve puzzles
or fold shapes while they are located in
separate rooms.

Origami [22, 42, 43] One places the pieces or folds the paper to
match the shape that is shown on the
reference paper held by the other.

Design
process

Explore (ideation
only)

[3, 27, 46, 51, 56,
66, 11]

The user captures 3D spatial information and
positions the 3D objects in situ, combining
2D drawings with 3D objects in a virtual
environment.

Explore
(prototype only)

[12, 37, 63, 81, 99,
104]

Designers interact with 3D objects in two
ways: 1) by putting them in a virtual world
and changing their position, scale, and
orientation; and/or 2) by using “smart
materials” that synchronize their virtual
shapes as they are changed in the real world.

Explore (ideation
and prototype)

[21, 32, 38, 54, 55,
69, 70, 82, 97, 98,
100]

Designers modify the prototypes more
efficiently because the tools 1) synchronize
the prototypes between physical and virtual
worlds, and 2) allow them to quickly
interrupt the printing process so that they
can adjust the prototype as they want.

General support
for design
collaboration

[15, 30, 72, 78] Designers provide rich information during
video-mediated communication. For
instance, icons of their reactions, audio/video
annotated with reflections, and/or fully
documented and traceable design processes.

Complex
tasks

Others: repair
task, real
assembly case,
teaching

[35, 88, 96] The users collaborate remotely on various
real-world activities. Their tasks include
repairing a computing device, assembling a
water pump, or instructing in guitar,
sculpting, or baseball.
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SPATA contains two prototyping tools (a set of callipers and a protractor) that could bi-
directionally transfer a measurement between the physical and virtual worlds; the second
one was Roma from Peng et al. [69]. It is a prototyping system that provides a hands-on,
in-situ prototyping experience where design and making are closely intertwined.
Complex tasks
We found three papers in this category. Complex tasks, which differ from simple object
manipulation, are normally closer to real-world activities. During the study, users were
given a goal and required to decompose it into several steps. To provide a clearer view, we
present an example of Loki, designed by Kumaravel et al. [88]. Loki provides a real-time
rendering of the user’s relative position to where they observed the other collaborator.
This tool uses bi-directional, mixed-reality telepresence technology to facilitate online in-
struction in guitar playing, sculpture, and baseball training. In addition, we also encoun-
tered a few additional, simpler complex tasks, such as remotely guiding the assembly of
an actual water pump [96], and simulated repair tasks [35].

Heavy usage of predetermined roles

Table 3.4: Distribution of 30 papers in different combinations of roles and their corresponding types of
collaboration

Roles of collaboration Remotely helping situation Parallel
experience

Design

Remote expert* + Local novice** [1, 2, 4, 13, 22, 23, 26, 27, 29,
33, 34, 35, 41, 42, 43, 88, 52, 53,
87, 96]

[43, 88] [23]

Remote user + Local user [8, 45, 44, 81] [45, 44] [27, 81]
Collaborative design team [15, 55, 30, 72, 78,

82]
(*Expert referred to as ghost, helper, instructor, etc. in the studies; **Novice referred to as body, worker, learner, etc.
in the studies)

Thirty papers studied co-located or remote collaboration, comprising design and phys-
ical tasks. Table 3.4 depicts the distribution of 30 papers in different combinations of
roles and their corresponding types of collaboration. We found that in studies focusing on
supporting users in remote help situations, the roles of the participants were frequently
predetermined. For instance, they referred to one of the participants as a remote expert [1,
2, 4, 42, 43, 96], remote helper [13, 22, 26, 29, 33, 34, 35, 52], ghost [41], while they referred
to the other participant as a local novice [2], local worker [1, 4, 13, 22, 26, 29, 34, 42, 52,
96], body [41] (see table 3.4). From the predefined names, we could get a glimpse of what
the participants were expected to do during the experiments. The remote expert would
contribute their expertise and act as a guide for the person they work with on the other
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side, while the local novice would encounter problems and have no idea what to do. When
we looked at the other papers which contributed to ‘parallel experience’ and ‘design’, we
found that the participants were seen as equals or as a team that always cooperated with
each other. Six out of nine design-related research papers, for instance, referred to their
participants as a collaborative design team.

Differences between the use of technologies depending on the roles
Thirty papers investigated supporting team activities. As illustrated in Figure 3.4, we an-
alyzed 24 papers to determine how technologies have been used on both sides to support
remote collaboration. We counted the number of different combinations of technology.
Larger values were represented by dark blue and smaller values by lighter blue. For the
following reasons, six papers did not apply to the two dimensions:

Four tools [15, 30, 72, 78] were developed based on digital software that focuses on
non-design-oriented support.

Two papers [55, 82] were excluded from the map since they only support co-located
design collaboration.

Figure 3.4: Heatmap of different types of technology in 24 tools for remote collaboration (AR/VR*: users could
switch between these two modes individually according to their needs during the tasks)

Compared to the two dimensions of this heatmap, augmented reality (AR), virtual re-
ality (VR), AR/VR, and video appear on both sides. Nonetheless, combinations employing
the same technology on both sides are uncommon. Sixteen studies presented the extensive
use of AR on the local side: among these 16 papers, 7 studies showed that remote users
were using VR to see the local users’ environment, while the other 8 studies demonstrated
that remote users could also use videos to perceive more information; One study [81] used
AR on both sides for mobile collaborative 3D interactions. AR/VR is a rare case because
it exists only when both sides have the same settings: Loki [88] provided the users with
both AR and VRmodes during the remote collaboration so that they could alter their views
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and perspectives independently. Video appears to be a useful technology for both parties.
In addition to observing what other users are doing, videos can be used to exchange in-
formation. For instance, AlphaRead [13] introduced readable object annotations overlaid
on the videos to support unambiguous remote communication referencing. Sensors and
robot arms are also a combination for supporting remote collaboration. To ensure that the
remote user shared the same views and perspectives as the local user, ReMa [23] provided
a system that cooperated with a robotic arm capable of reproducing orientation adjust-
ments on a proxy object at the remote site. On the local side, a projector was used twice
with video [1] and VR [96], respectively.

Three commonly used visual communication cues
In co-located face-to-face collaboration, various communication cues are used. For ex-
ample, audio (e.g., speech, paralinguistic, intonation), visual (e.g., gaze, gesture, facial ex-
pression, body posture), and environmental information (e.g., object manipulation, writ-
ing, drawing, spatial layout) [4]. In their studies on remote collaboration, researchers
examined three visual communication cues in their studies: pointers, gestures, and an-
notations/sketches. They undertook a series of comparative studies to evaluate several
factors, such as working efficiency, the feeling of co-presence, the mental effort required,
etc. Nine papers employed a pointer to represent their finger-pointing or their eye gaz-
ing, 22 papers supported users in showing their hand gestures or even body gestures, and
19 papers allowed users to make annotations and sketches overlaid on the images of the
objects.

Table 3.5: Visual communication cues of included tools

Visual communication cues Studies
Pointer [4, 8, 12, 22, 29, 41, 43, 44, 87]
Gestures [2, 4, 8, 26, 27, 29, 33, 35, 35, 42, 43, 46, 88, 52, 53, 55, 56, 11, 81, 82, 87,

96]
Annotations/ sketches [12, 13, 22, 27, 29, 35, 45, 42, 43, 44, 88, 52, 55, 30, 82, 87, 96, 98, 99]

Discussion
Themain objective of this literature reviewwas to provide an overview of the design space
for supportive tools for the remote collaborative design process. This concerns the ways
in which designers collaborated, the functions provided by these tools, the practices in
which designers participated, and the ways in which these tools were evaluated.
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Focus on mechanisms to support remote co-exploration
As shown in Figure 3.2, fifty papers were divided into two main categories: design and re-
mote collaboration. We noticed that the current tools from these two categories employed
two independent mechanisms, with only a few tools applying both. The first mechanism
refers to individual design or prototyping processes that require tools to build bridges
between digital and physical prototypes, while the second mechanism refers to remote
collaboration situations involving physical tasks that have no design or prototyping con-
text.

It is conceivable that the first mechanism, where digital or physical tools are proposed
for bridging the digital and physical prototypes, can be employed to support remote collab-
oration. It is crucial to see that this cannot be a direct translation of the tool, but that these
tools need to be redesigned for remote collaboration. The tools would need to be designed
such that parallel exploration is supported in a way that is informed by how designers
explore when physically co-located. The objective of remote collaboration tools outside
of the context of design or prototyping was to bring two parties into a virtual world. As
indicated in Table 3.4, 20 out of 30 studies focused on supporting users in one-directional
‘helping’ scenarios. This ‘puppeteer’ situation, in which one collaborator (the physical col-
laborator) is directed by the other collaborator (the digital collaborator), is not typical of
normal designerly co-exploration.

We advocate an improved working scenario that should not be approached as one user
helping another, but rather as a shared parallel experience, in which both collaborators
are fully engaged in the shared activities. In section 3.2, we introduced Loki [88] while
discussing the different activities in the studies. Loki takes a big step further by providing a
real-time bi-directional interface that allows collaborators to switch between each other’s
environments. In a similar vein, we believe that future projects should pay more attention
to both of these two bi-directional mechanisms to support remote design co-exploration.

Increase opportunities for co-exploration
As shown in Figure 3.4, we generated a heatmap depicting the various types of technolo-
gies employed in selected tools for supporting remote collaboration. We continue to refer
to these two parties as ‘local’ and ‘remote’ because most of the tools were tested in one-
directional ‘helping’ situations. The local party used a wider range of technologies than
the remote party. On the local side, AR and VR were the most popular technologies, fol-
lowed by Video on the PC or tablet, and projecting on top of the workspace. On the other
hand, users from the remote party heavily rely on videos and VR.

We argue that the predefined roles determined which technologies were used, result-
ing in an unequal environment for co-exploration. We investigated further to see the
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tasks of the experiments. The local party was required to 1) record what they intended
to discuss with the other and mostly ask questions about the next actions, and 2) receive
the answers from the remote side. The remote party was asked to 1) understand the in-
formation provided by the local side, and 2) record and transfer their comments, such as
verbal explanations, gestures, sketches, annotations, etc. The tools they used and their
perspective of vision were determined by their predefined roles. The local party had an
independent perspective. They are free to move around and use one or more cameras to
record items they want to share. The remote party, in contrast, could only have a depen-
dent perspective of vision. Because they were designed to be an information provider with
no need to share their working environments or ask any further questions.

However, this working scenario describes a typical remote collaboration on physical
tasks that cannot be simply copied to the remote collaborative design processes. This one-
directional helping situation limits the ways in which designers collaborate with each
other. As we mentioned before, it also constrained designers from sharing a parallel ex-
perience. In future studies, we think that it is necessary to emphasize that users should
make the call about which technologies to utilize. The supporting tools should provide
both designers with the same opportunity for exploration.

Understand the needs of co-exploring designers
We identified four design strategies from previous work and used them as our selection
criteria. Figure 3.3 depicts the distribution of 50 included papers in the supporting strate-
gies section (S1: Improving the prototyping process, S2: Making bodily actions visible, S3:
Providing different uses of spaces, S4: Encouraging creative social practices).

We noticed that it was rare to find examples of supporting the co-exploration processes
in a distributed environment. Most of the present tools were geared toward supporting
either the individual prototyping process or team collaboration on simple physical tasks.
To support the prototyping process on one party’s side, we found that the core was ac-
celerating the prototyping process and synchronizing the physical and digital prototypes.
For supporting team collaboration on physical tasks, making bodily actions visible to the
other party was the vital function of the tools.

The distribution of design strategies for supporting remote design collaboration prompted
us to find an underexplored opportunity: whether we should seek the integration of all
design strategies into a single tool, or shift our way of thinking to find the most efficient
strategies during different design phases and thus build them into a supporting system.
For bi-directional remote design collaboration, we argue it is important to establish a plat-
form that provides both parties access to both the person and the materials. Meanwhile,
we propose that we should examine the designers’ needs for each remote collaborative
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design phase. These phases include, for instance, the phase in which designers want to be
updated on design outcomes, the phase in which designers need to check back and forth
on the making processes, and the phase in which designers are willing to co-make and
co-explore.

In addition, we found only a little research focusing on supporting remote design col-
laboration that included the prototyping process. We identified four design strategies
based on the insights from improving co-located design collaboration. We argue that only
mimicking co-located collaborative design processes might not be sufficient to support
remote design collaboration. For example, when the pandemic lockdown began, there
was a significant shift to online meetings. Microsoft Teams provided a “together mode”
to make people feel more engaged even while they were working at various locations.
Together mode maps everyone’s video stream onto one shared virtual background, creat-
ing the illusion that everyone is in the same room. This feature was widely used at the
beginning, and it was entertaining and pleasant to see people in the meeting room any-
way. However, people eventually realized that it was inconvenient not to be able to see
who was speaking, presenting items, or sharing screens. Digital meetings have different
requirements from physical meetings; thus, mimicking the real meeting situation is not as
practical as we thought at the beginning. It reminds us to be conscious of the possibility
that remote collaboration will have different needs and thus have different design tools or
even design processes than more conventional co-located collaboration. Our four design
strategies should serve as a starting point for future research. We should also examine if
they are applicable to remote design collaboration in the same manner, and if designers’
needs change in remote collaboration contexts.

Consider a comprehensive set of design practices
In the background section, we presented experiments that indicate different impacts of
remote design collaboration. We argued that, next to studying the ideation phase (e.g.,
sketching and brainstorming), the exploration phase (e.g., iterative prototyping process)
also needs to be studied. We can observe fromTable 3.3 that there is still a gap between sim-
ple object manipulation and design exploration. Folding origami, solving tangram puzzles,
or assembling Lego is more about asking and discussing than creating. Current evalua-
tions regarding remote collaboration often use communication efficiency, user satisfaction,
language use, and the sense of co-presence to compare the benefits of the tools. To examine
the supporting tools for co-exploration during remote design collaboration, we should con-
sider using more design-related frameworks or structures for checking different aspects.
This is in line with other comparative studies between co-located and remote design collab-
oration; the function-behavior-structure (FBS) [10, 85] and information-problem-solution
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(IPS) [102] were utilized as coding approaches to evaluate the supporting tools. Thus, our
future studies should consider conductingmore structure-based design practices in studies
related to functional arrangement, interaction behavior, or structure-changing problems.

Limitations
In our review, we encountered a large number of papers addressing the topics of brain-
storming, sketching, project management, and reflection. We identified these topics as
potentially interesting but out of scope for this literature review. In a similar vein, we
searched for concrete design and collaboration tools; hence, collaboration methods, work-
flows, and frameworks were also not included in the final set of papers. We have flagged
these additional topics for further exploration and for use by other researchers.

Conclusion
The purpose of this review was to present an overview of the design space for improv-
ing the remote collaborative design process. We investigated papers published between
2013 and 2021 in the ACMDigital Library. 50 papers were included following the PRISMA
process. As introduced, we see the co-exploration process as an important phase that has
remained underexplored. We analyzed the selected papers frommultiple angles, including
the ways in which designers collaborated, the functions provided by these tools, the prac-
tices in which designers participated, and the ways in which these tools were evaluated.
Our work identified gaps and opportunities for future research and tool development in
the remote collaborative design process.

For future research, we sketch out our research agenda consisting of three topics: 1)
designing tools for supporting co-exploration throughout the remote collaborative design
processes, 2) extending the research studies involving more phases of shared experiences,
and 3) considering conducting more structure-based design experiments and applying
more design-related evaluation criteria. Explanations of each topic are as follows:

First, we found that there were relatively few studies that claimed to support the re-
mote co-exploration process. Current tools have mostly explored two related fields: indi-
vidual prototyping process and remote collaboration on physical tasks. Arguably, when
we improve each party’s prototyping process or share more bodily actions, there is a good
chance that remote co-exploration will be enhanced. However, little research has been
conducted on the technologies that support co-exploration during the remote collabora-
tive design processes. Therefore, our first step is to use the knowledge we’ve gathered to
develop a comprehensive understanding of the designers’ needs in different phases during
the remote collaborative design process. Based on this, we can further evaluate the effects
of different supporting design strategies.
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Second, unlike designers who work co-located, remote collaborators employ various
technologies for sharing what they see and how they act. However, current studies often
set the context of collaboration as a one-directional helping situation. Researchers, there-
fore, predefined the technologies. That resulted in one collaborator’s vision perspective
being frequently dependent on the other. In future studies, we plan to more closely sim-
ulate the actual collaboration context, i.e., both parties actively collaborate to achieve a
goal and share the experience equally (‘parallel experience’). Regarding the technologies,
we think that the participants should be able to decide from which perspective to see and
which technology to utilize.

Finally, researchers often evaluate communication efficiency, user satisfaction, com-
pletion time, and other factors to assess the efficacy of supporting tools for remote collab-
oration. However, there is still a gap between the tasks in the studies and the actual design
process. We argue that additional design-related aspects, such as the depth and breadth of
the discussion of a design, the level of creativity and reflection, and design output, must
also be examined. Our future research needs to consider conducting more structure-based
design practices and evaluating more design-related elements.
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3.3 Analyzing Two Design Case Studies
Building on insights from the literature review and my earlier study on remote design col-
laboration during the COVID-19 pandemic (study 2), I coached two student teams inter-
ested in my research topic. They explored how we can support co-exploration in remote
prototyping processes. These teams participated as part of a master’s course, Construc-
tive Design Research (CDR)( DCM 100¹), where they were learning to conduct research
through design [104].

The following summary, written by me, presents the student teams’ projects while
remaining faithful to what they documented. Each team designed a tool based on their
understanding of co-exploration in remote prototyping and conducted user studies to eval-
uate their designs. As early exploratory work conducted within the course, these projects
were intended as learning experiences rather than polished academic research. Observing
the directions the teams explored contributed to shaping my understanding and prompted
reflection on how co-exploration needs to be supported during remote prototyping, which
I present later in this chapter.

3.3.1 The Constructive Design Research (CDR) course
From September to November 2021, I joined the CDR course at the Industrial Design De-
partment of Eindhoven University of Technology (TU/e) as a research topic provider and
coach. The course introducesmaster’s students to Research throughDesign (RtD)[87], cov-
ering various Constructive Design Research methodologies (Lab, Field, and Showroom)
[49]. My role involved providing students with a real research topic, coaching them in
structuring their design interventions and guiding their investigation of relevant litera-
ture, methodologies, as well as data collection and analysis strategies.

I introduced the research challenge by sharing insights from my prior studies, particu-
larly the finding that designers reported a missing sense of co-exploration during remote
prototyping and explained the need for new tools to support it (Chapter 2). I also pre-
sented findings from my literature review (Section 3.3), showing that many existing tools
for remote design collaboration are modelled after co-located collaboration and often fail
to fully support bi-directional, interactive engagement. Students were challenged to de-
sign tools that support designers in co-exploration during the remote prototyping process.
By observing how students approached this research challenge from different angles, I
was able to critically reflect on existing assumptions about co-exploration and identify
new directions for future research.

¹https://studiegids.tue.nl/opleidingen/graduate-school/masters-programs/industrial-
design/curriculum/specialization-master-tracks/constructive-design-research-cdr
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3.3.2 Design Case 1: ShapeOverlay – a tool for “co-exploring” inter-
actions

Design
The first student team was inspired by findings from my earlier COVID-19 study (Section
2.3), where designers used everyday physical objects during video calls to convey inter-
action ideas. These makeshift props provided shared references that helped collaborators
describe and negotiate design details. Drawing from this insight, and informed by my lit-
erature review findings on the lack of parallel experience in remote prototyping tools, the
student team set their design goal: to create a shared digital reference that would enable
remote collaborators to co-explore interaction design ideas more effectively.

The result was ShapeOverlay (Figure 3.5), a digital toolkit developed using TouchDe-
signer[15], a node-based visual programming platform. The tool allows designers to over-
lay and manipulate four types of 3D geometric shapes, including a cube, sphere, circular
ring, and cylinder, in real time during video calls. Using hand gestures or mouse inputs,
collaborators in different locations can place, rotate, move, and resize these virtual objects
across a shared video interface. This enables them not only to build and view a shared ref-
erence, but also to dynamically explore function-, behavior-, and structure-oriented design
concepts [28]². The team later used ShapeOverlay in a comparative study evaluating three
different co-exploration approaches: 1) gestures and verbal descriptions, 2) sketching, and
3) ShapeOverlay.

Method
To evaluate the effectiveness of ShapeOverlay, the student team conducted a lab studywith
18 design students, divided into nine duos. Each duo worked on three distinct interaction
design tasks, requiring them to communicate functional, behavioral, and structural aspects
of a prototype. The whole experiment process lasted 45 minutes on average.

• Function-focused task: Participants explored the design of a medication device for
children with asthma, focusing on functional aspects such as loading, shaking, and
inhalation.

• Behavior-focused task: Participants discussed a smart lamp design, exploring user
interactions like rotating, sliding, or pressing to adjust brightness.

• Structure-focused task: Participants worked on a handheld cleaning tool, examining
shape, size, and spatial relationships between components.

²Function (F) variables: describe the teleology of the object, i.e., what it is for. Behaviour (B) variables: describe
the attributes that are derived or expected to be derived from the structure (S) variables of the object, i.e., what
it does. Structure (S) variables: describe the components of the object and their relationships, i.e., what it is.
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Figure 3.5: Screenshot of ShapeOverlay in use during a video conference.

As shown in Figure 3.6, the screenshots illustrate participants using different tools, ges-
tures and verbal communication, sketching, and ShapeOverlay, across various design tasks
during co-exploration.
For each task, the duo used three different co-exploration approaches (in the figure, they
refer to them as tools): 1) gestures and verbal descriptions, 2) sketching, and 3) ShapeOver-
lay (the newly designed tool). Participants were separated into different rooms and com-
municated via video conferencing. For each interaction task, Collaborator 1 explained the
design concept to Collaborator 2 using one of the three assigned methods, after which
they jointly explored the interaction concept through discussion.

Data collection included video recordings, questionnaires evaluating clarity and effi-
ciency, subjective mental effort questionnaires (SMEQ), and post-session interviews. The-
matic qualitative analysis and coding of video data were used to assess co-exploration per-
formance, focusing on three stages: concept interpretation, building shared understand-
ing, and co-creation.

Findings
When the design tasks involved simple forms and straightforward interactions, gestures
and verbal communication were generally sufficient to quickly establish shared under-
standing and initiate exploration. However, although each task was initially focused on
function, behavior, or structure, these aspects are deeply interconnected in interaction
design. As the discussions evolved, participants often introduced additional considera-
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Figure 3.6: Participants using gestures, sketching, and ShapeOverlay across different design tasks during
remote co-exploration.

tions, which added complexity to the tasks. As a result, conversations frequently moved
beyond the original scope, requiring participants to reason about sequences of interaction
or complex spatial arrangements. In these cases, gestures and verbal descriptions often led
to lengthy explanations and misunderstandings. Sketching helped participants articulate
spatial layouts, relative proportions, and structural configurations of the prototypes, pro-
viding references for discussing static features. Still, the student team observed that some
collaborators with weaker sketching skills struggled to clearly convey complex ideas.

ShapeOverlay demonstrated particular advantages in supporting spatial reasoning and
dynamic interaction exploration. The toolkit enabled collaborators to place and resize
four basic geometric shapes directly within the video call interface. Unlike CAD tools,
which often require switching platforms and screen sharing, the ShapeOverlay functioned
seamlessly in the call environment, allowing participants to engage within the video call
interface. While the shapes did not represent the final dimensions or appearance of design
concepts, they served as abstract placeholders that were sufficient for discussing early-
stage interaction ideas. This design strategy recalled how designers in my earlier COVID-
19 study used simple physical objects as stand-ins to express design intent during remote
collaboration. By offering a manipulable shared reference, ShapeOverlay helped reduce
ambiguity and enhance shared understanding. However, the student team also observed
that the effectiveness of ShapeOverlay depended on how quickly collaborators adapted to
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using the tool, as all participantswere newly introduced to it. Participants often indicated a
preference for starting with gestures or sketches during co-exploration before integrating
ShapeOverlay into their discussions.

Despite its strengths, the visual specificity and defined geometry of ShapeOverlay
sometimes constrained divergent thinking compared to the more abstract possibilities of-
fered by gestures or sketches. The student team observed that the choice of tools to facili-
tate co-exploration varied across teams. They noted, “For those who are familiar with each
other, they can establish shared understanding in a few words, as they might have done
or seen similar projects before. But those who collaborate for the first time may express
ideas very cautiously and rarely use gestures to explain the interaction concepts, which
also reflects on the low scores of their general co-exploration experience.” This echoes a
finding from exploration 2, where familiarity enhanced shared understanding (2.3). Based
on their observations, the student team concluded that no single tool can universally sup-
port remote co-exploration. The real-time shared manipulation provided by ShapeOverlay
is not always necessary for effective co-exploration. Instead, selecting approaches that fit
the nature of the design task is key to supporting remote co-exploration.

3.3.3 Design Case 2: Multi-Material Making (MMM) toolkit for re-
mote prototyping

Design
The second student team introduced the Multi-Material Making (MMM) toolkit, a physical
toolkit designed for ideation in the remote prototyping process (Figure 3.7). The team’s
design motivation was informed by findings from my earlier COVID-19 study, where de-
signers expressed frustration that remote collaboration often became one-sided presenta-
tions rather than co-exploration. In particular, participants missed the hands-on moments
of co-making, physically working on prototypes together. Drawing from this, the student
team sought to provide some physical props that were familiar, flexible, and available to all
participants. Each collaborator received an identical kit consisting of 24 crafting materials,
including wooden blocks, plasticine, paper, magnets, fabrics, and stretchable components,
alongwith tools such as scissors, tape, and pliers. While their goal of establishing language
through shared materials was similar to the intent behind the ShapeOverlay toolkit, the
MMM approach emphasized tangibility and material diversity.

Method
To evaluate how the MMM toolkit supported co-exploration during remote prototyping
processes, the student team recruited four remote design teams. Two teams consisted of
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Figure 3.7: The full set of materials included in the Multi-Material Making (MMM) toolkit

three members, and two teams consisted of four members. Rather than being assigned a
predefined design task, each team was introduced to the MMM toolkit and instructed to
integrate it into their ongoing real-world design projects, which were in the early stages
of prototyping. Team members were instructed to conduct a co-exploration session fol-
lowing the sequence outlined below.

1. Individual exploration: Each participant independently explored ideas by creating
rough prototypes with the MMM toolkit. They were asked to generate initial ideas indi-
vidually and then select one idea to move forward for group development.

2. Group discussion and synchronized prototyping: Teammembers gathered online to
present their individual prototypes, critique each other’s work, and collectively choose one
prototype as the base for the next iteration. To maintain synchronization, team members
were instructed to use the toolkit to reproduce the selected idea before continuing further
iterations.
This cycle of individual exploration followed by group discussion and synchronized pro-
totyping was repeated until the teams completed a total of three iterations. Each co-
exploration session lasted approximately 40 minutes and was followed by individual in-
terviews and a 15-minute group discussion. Data collection included video recordings,
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participant interviews, and thematic analysis, focusing on how shared materials and syn-
chronized making influenced collaboration.

Findings

The study revealed three key insights into how shared toolkits, prototype synchronization,
and individual exploration impact remote co-exploration.

First, providing identical toolkits improved communication by giving participants tan-
gible reference points during discussions. Participants reported that knowing everyone
had access to the same materials allowed for clearer, more confident conversations. How-
ever, some participants felt constrained by the limited material options and expressed a
desire for greater freedom to introduce additional materials.

Second, strict synchronization of prototypes proved unnecessary. Although partici-
pants were instructed to replicate the selected idea to maintain synchronization, some
participants deviated from the procedure. They preferred to extract key ideas or design
principles rather than precisely replicating objects, finding it more meaningful to use the
toolkit flexibly as a reference point for further exploration. This behavior indicated that
rigid replication was not always perceived as necessary for effective co-exploration.

Third, individual exploration before group discussion enriched the co-exploration ex-
perience. Participants used the individual phase to reflect, experiment, and create rough
prototypes, which led to richer, more substantive group discussions. Independent ex-
ploration encouraged a diversity of ideas and perspectives. However, some participants
missed the dynamic and immediacy of real-time collaborative making, suggesting that a
balance between individual and collective explorationmight better support co-exploration
in remote settings.

3.4 Reflection
In this chapter, I addressed the research question 3 (RQ3): What are the current strate-
gies and limitations of existing tools for supporting remote prototyping? To an-
swer this, I conducted a systematic literature review and examined two research through
design studies created by student teams. These students took up my research question as
a design challenge, exploring how tools might support co-exploration in remote prototyp-
ing.

My ownunderstanding of co-exploration originally stemmed from theCOVID-19 study,
where designers described its absence in remote prototyping (see section 2.3). At the time,
I interpreted co-exploration simply as “exploring ideas together as a team.” While intu-
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itive, this definition lacked depth. It did not explain why co-exploration was missing in
remote collaboration or how it could be effectively supported.

To explore how tools and strategies support remote prototyping processes, I conducted
a systematic review. The literature review revealed two broad approaches to developing
remote prototyping tools. One focuses on individual work, helping designers synchro-
nize digital and physical prototypes during iteration. While these tools support solo ac-
tivity, they often overlook the collaborative aspects of prototyping. Viewing the latest
version of a prototype does not necessarily help team members understand what changed,
why it changed, or what remains unresolved. The second approach attempts to replicate
co-located collaboration through virtual communication cues in immersive technologies.
However, these setups frequently create unequal dynamics, with one person guiding and
the other following, limiting opportunities for equal contribution. I recognized that few
tools support parallel experience, a term that I found closely aligned with “co-exploration,”
where all collaborators are equally engaged in real-time, bi-directional interaction with
the same design challenge. These insights informed how I framed the design challenge
for two student teams, each of whom explored different ways to support co-exploration
in remote prototyping.

Their projects served as exploratory investigations. One team developed ShapeOver-
lay, a digital toolkit for manipulating 3D forms during video conferencing; the other cre-
ated the Multi-Material Making (MMM) toolkit, a set of identical physical materials that
collaborators used in structured remote sessions. A key insight from both cases was that
while the tools enhanced shared understanding, they did not clearly demonstrate whether
co-exploration had occurred or in what ways it may have been improved.

Building on the earlier insights from both the literature review and the student proj-
ects, I began to reflect more critically on my understanding of co-exploration. In design,
“exploration” is a widely used concept. There is an exploration phase in the design pro-
cess, and designers frequently talk about exploring design spaces and solutions. Because
of this familiarity, the assumption that “co-exploration is simply exploring the same thing
together” seemed so self-evident that it escaped critical examination. I realized that even
when designers co-make or interact in real time, we cannot assume co-exploration is tak-
ing place.

Through reflecting on my research journey so far, I have come to realize that co-
exploration appears to be a broader experience that we have yet to fully unfold. This
realization raised fundamental questions: What is co-exploration? What mechanisms en-
able it? What value does it bring? These insights led to a longitudinal observational study
to define and understand co-exploration, which I will present in the next chapter.
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4.1 Introducing this Chapter
This chapter builds on insights frommy earlier studies by zooming in on the phenomenon
of co-exploration in collaborative design. While previous studies reported a noticeable
decrease in co-exploration that is being missed in remote collaboration and the limitations
of existing tools for remote prototyping, this study shifts the focus toward understanding
what co-exploration actually entails and why it matters, before attempting to support it.

Section 4.2 presents a longitudinal observational study that investigates the dynam-
ics of co-exploration in collaborative design, aiming to clarify what it is, how it manifests,
and why it matters. The study was guided by the following research questions: What
is co-exploration in collaborative design, and how can we characterize its mecha-
nisms and value? Previous research suggests that exploration in the collaborative design
process can occur throughout the design process, from brainstorming to evaluating [96].
This understanding underscored that a short-term study would be insufficient to capture
the phenomenon in its entirety. Consequently, a five-month longitudinal approach was
essential to observe its nuances as they unfolded naturally over the full design project. I
followed 16 student teams, combining weekly diary-interviews with a final co-reflection
session.

The analysis of these ongoing design activities first led to the development of a four-
dimensional analytical framework, which in turn enabled the identification of five distinct
patterns of co-exploration. These patterns challenge the conventional association of explo-
ration solely with divergence. Based on this evidence, the study argues that co-exploration
is best understood not as a prescribed activity, but as an emergent shared experience that
arises from the quality of team interaction. Its principal value lies in transforming indi-
vidual knowledge into collective intelligence, enabling teams to achieve outcomes beyond
the sum of their individual contributions. Furthermore, the findings suggest that the fre-
quency and diversity of co-exploration may reflect the trajectory of design success, un-
derscoring its practical importance. Building on these insights, the paper concludes with
actionable recommendations to enhance co-exploration in future design collaborations.

Section 4.3 provides a reflection on the study’s methodology, its limitations, and an
unexpected outcome that emerged from the research process. This section offers a trans-
parent look at the study’s design, discussing several limitations, including potential recall
bias and the trade-offs involved in the data collection strategy. It then leads to a broader
discussion on the role of structured reflection in design education and how such practices
can be integrated into learning environments.
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4.2 A Longitudinal Observational Study for Defining Co-
exploration

Beyond Divergence:
Characterizing Co-exploration Patterns in Collaborative Design Processes

Abstract
Exploration is central to the design process, as it fosters creativity and improves design
outcomes. Within design teams, exploration becomes co-exploration—a collaborative and
dynamic practice that this study examines. We conducted a five-month longitudinal obser-
vational study with 61 students across 16 design teams, using weekly diary interviews to
trace the dynamics of co-exploration. From this, we developed a four-dimensional frame-
work that identified five distinct patterns of co-exploration activities. Our findings re-
veal how co-exploration emerges across diverse activities and team interactions, fostering
togetherness and keeping design teams open-minded. This engagement cultivates collec-
tive intelligence and enables teams to share knowledge, build upon each other’s ideas, and
achieve results that exceed individual contributions. We argue that co-exploration reflects
the trajectory of design success and warrants further study. Finally, we provide actionable
insights for practitioners seeking to enhance co-exploration in collaborative design.

Introduction
The design process is inherently iterative and exploratory, evolving through a dynamic
interaction between problem and solution spaces [13] – often characterized as design as
exploration [16]. Unlike the traditional design as search [16], which assumes well-defined
problems and clear solutions, design as exploration embraces uncertainty and creativity
[12]. It allows design teams to ask “what if” questions [15], explore possibilities with-
out predetermined outcomes and continuously adapt as their understanding of both the
problem and solution evolves.

Exploration is often associated with the early, divergent stages of the design process,
where the aim of collaboration is to expand the pool of possibilities [6]. It is viewed as a
free-flowing, creative mode of work in which individuals contribute different insights, per-
spectives, and experiences to spark new directions and uncover opportunities [10]. When
design becomes a collaborative endeavor, this exploratory nature extends beyond the in-
dividual into co-exploration. Activities such as brainstorming and ideation workshops are
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frequently used to facilitate this process, with the expectation that diverse input will lead
to richer solutions.

However, research suggests that co-exploration is not confined to the early stages of
design. Stefan Wiltschnig et al. link the co-evolution of problem and solution in creative
design to collaborative contexts, arguing that co-evolution is a key driver of creativity in
such settings [38]. Xinhui Ye et al. report a loss of co-exploration during remote proto-
typing [41], and argue that more tools are needed to support it in remote collaboration.
Dhaval Vyas et al. observe that exploration in collaborative design occurs throughout the
process, spanning activities from brainstorming to developing interaction mechanisms to
evaluating prototypes [37].

As we will demonstrate in the related work section, co-exploration appears impor-
tant across multiple stages, yet it remains conceptually under-defined in both research
and practice. This prompted us to investigate it in depth. We aim to characterize co-
exploration in the collaborative design process, examining its patterns, characteristics,
and value. We ask: How does design as exploration manifest in collaborative settings,
and what mechanisms drive it? More specifically, what exactly is co-exploration? How
can it be characterized within collaborative design processes? What value does it bring to
the collaborative design process?

To address these questions, we conducted a five-month longitudinal observational
study with 61 design students in 16 teams, combining weekly diary interviews with a final
group reflection session. Our analysis produced a four-dimensional analytical framework
that identified five distinct patterns of co-exploration. These findings provide a grounded
understanding of co-exploration and offer practical recommendations for fostering it in
collaborative design.

Related work
Collaborative Design and the “Co-” Terms
“Collaborative,” as defined by the Oxford English Dictionary, is “involving, or done by,
several people or groups of people working together.” In design, collaboration is essential
because the process is complex and often requires people with different professional back-
grounds and expertise to contribute to a shared outcome [11]. In the literature, collabora-
tive design is used in two common ways [33]: 1) as co-design (often used interchangeably
with participatory design), referring to collaboration between designers and non-designers;
and 2) in a narrower sense, as tightly coupled design collaboration among designers within
a core design team. In an article examining collaborative design in depth, Thomas Kvan
defines it as a close-coupled, intensive process in which participants work continuously,



4

108 4 UNDERSTANDING AND DEFINING CO-EXPLORATION

observing and understanding one another’s moves, reasoning, and intentions [22]. In this
article, we adopt this narrower definition (type 2), focusing on the core design team respon-
sible for design decisions. This does not exclude co-design sessions with non-designers;
rather, when such sessions meet the criteria for collaborative design, we also consider
them in scope but always framed from the perspective of the core team.

This distinction matters because it shapes how we interpret and use the growing fam-
ily of “co-” terms in design research. In recent decades, terms such as co-creation [31],
co-experience [3], co-making [2], and others have gained attention and been examined
more closely. However, as Tuuli Mattelmäki and Froukje Sleeswijk Visser [27] and Kaisa
Koskela-Huotari et al. [21] note, these terms are widely used across various fields without
a clear consensus on their scope or definition. We aim to provide a clear explanation of
our chosen “co-” term, focusing on the value it brings to the concept of exploration.

(Co-)exploration in Collaborative Design
Exploration is a familiar and widely used concept in design. In process models such as
the Double Diamond, the Discover phase is explicitly framed as a period of exploring,
researching, and identifying opportunities that may lead to new ideas [9]. In the early
fuzzy front end [33] of projects, design teams often diverge—intentionally expanding the
problem space by fostering a creative synergy where diverse insights can collide, inspire,
and build on one another, thereby expanding the pool of possibilities [6]. Divergence is
closely tied to creativity, as it generates a wide range of novel and potentially valuable
ideas.

However, exploration in design is not limited to this initial divergent phase. A second,
equally important use of the term refers to the iterative exploration of both problem and
solution spaces throughout the design process. Daniel Fallman argues that design often
involves continuously asking “what if”—a mindset that pushes beyond existing paradigms
and fosters innovation [15]. This perspective aligns with the concept of co-evolution [13],
which highlights that design problems and solutions evolve together in a dynamic, itera-
tive manner, requiring ongoing reflection and reframing.

When this iterative exploratory process takes place in a collaborative setting, research
on how exploration unfolds within design teams remains limited. Existing studies offer
partial insights. Mattelmäki describes co-exploring (interchangeably with collaborative
design exploration) as teams using a design probes approach to support shared interpreta-
tions and create new understandings early in the design process [26]. observe that explo-
ration occurs throughout collaborative design, spanning activities from brainstorming to
developing interaction mechanisms to evaluating prototypes [37]. Their study suggested
that designers explore not only to address problems but also to “try out ideas, satisfy their
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imagination, envision and experience creativity.” Ye et al. report that during the Covid-19
pandemic, teams experienced a loss of co-exploration with real prototypes and a corre-
sponding decrease in the feeling of collaboration [41].

Taken together, these studies suggest that co-exploration encompasses a variety of
designerly activities with distinct social and creative value. Yet the literature has not ex-
amined in depth how such exploration functions within design teams or the specific ways
it contributes to their work. This gap—both conceptual and empirical—highlights the need
for further research to define and characterize co-exploration in collaborative design.

Method
Context of the Study
This study was conducted within a semester-long (20-week) design course at the Depart-
ment of Industrial Design, Eindhoven University of Technology. The five-month study
was approved by the university’s Ethical Review Board (ERB) and centered on team-based
design projects with open-ended briefs in two different design studios. Studio 1 focuses
on health and well-being in workplace environments, addressing challenges such as stress
management and social interaction. Studio 2 explores connected Internet of Things (IoT)
in future residences, tackling issues such as balancing activities in shared spaces and vi-
sualizing energy consumption. The studios, each containing a mix of undergraduate and
master’s students, ran in parallel for a five-month period. However, project teams were
formed strictly by academic level (i.e., undergraduates worked only with undergraduates,
and master’s students with master’s students). The same research approach was applied
consistently across both studios, following an identical process and pace. As noted, de-
sign is a co-evolving process, and the students’ projects followed this approach. Rather
than solving predefined tasks, they worked with open-ended design briefs, first explor-
ing the design challenge and then iteratively co-evolving the problem and solution spaces.
Throughout, students engaged in research, ideation, prototyping, and evaluation. Their
work culminated in two group deliverables: a demonstrator presented at the end of the
project and a report detailing their design or design research process. Additionally, each
student submitted an individual reflection report assessing their personal development
and learning progress. For the final assessment, students were evaluated on twomain crite-
ria: the project, which included the integration of relevant knowledge and the agency over
the design process, and their personal development and learning progress. Because these
were educational design projects, students collaborated mainly within their teams, with-
out complex external stakeholder dynamics. They shared a design background but brought
different skills, such as ideating, sketching, programming, and prototyping. When needed,
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they were encouraged to seek external perspectives, meeting weekly with coaches and
consulting potential users through field visits and interviews to refine their designs.

Participants
We recruited participants from the two design studios described above. A total of 61 par-
ticipants across 16 teams took part in the study. The group included 43 second-year bache-
lor’s students, who formed 11 teams, and 18 first-year master’s students, who formed five
teams. They had entered the education program in the same year, had often taken previ-
ous courses together, and were generally familiar with one another. Each team, composed
of three to four members, worked on studio-assigned tasks.

The gender distribution was balanced, with 31 male and 30 female participants (self-
identified). Twenty per cent of the participants were international students, with 11 out
of 16 teams including international members, contributing to linguistic diversity and dy-
namic team compositions. Since English was the common language used for collaboration,
the study was conducted in English, and all participants were able to communicate and
express themselves sufficiently.

We used a meeting room next to their open working space, making it convenient for
participants to bring relevant artefacts for demonstration during interviews. Although
all students completed the same deliverables, assessment expectations differed between
bachelor’s and master’s students to reflect their respective learning outcomes.

Mixed Methods in this Research
We used a mixed-methods approach, combining qualitative and quantitative methods to
understand co-exploration over a five-month longitudinal study. Figure 4.1 provides an
overview of the two-stage study (left: study sequence; right: analysis sequence).

Stage 1 involved weekly diary interviews. Each week, participants met with the first
author, the principal investigator (PI), to collaboratively document both individual and
team design activities from the past week on a shared Miro board. These diaries included
photos, videos, links, transcriptions, and field notes. After the diaries were documented,
the first author conducted semi-structured interviews, asking participants to go through
their entries and elaborate on the week’s activities.

Stage 2 was a group reflection session at the end of the design project. In this session,
participants, as experts of their own experiences [36], revisited their co-exploration ac-
tivities, clustered them, explained their reasoning, and reflected on what co-exploration
meant to them.

On the analysis side (right of Figure 4.1), the process followed the reverse order from
data collection. While the diary interviews captured rich, ongoing details, they lacked
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Figure 4.1: Overview of the study procedure. Left: two-stage study with weekly diary interviews and a group
reflection session. Right: data analysis in reverse compared to data collection. © 2025 the authors.

the comprehensive hindsight needed to contextualize actions fully. In contrast, the group
reflection session provided a holistic view, enabling participants to articulate their under-
standing of co-exploration.

We therefore began analysis with the group reflection data, using reflexive thematic
analysis [5] to identify shared features of co-exploration. These features informed the
development of an analytical framework, which we then applied to the diary interview
data to code 161 co-exploration activities. Using this coded data set, we employed parallel
coordinate plots [19] to analyze and visualize activities in five distinct patterns.

Finally, after the project concluded, we collected participants’ final assessment results
and combined them with our observational assessments. We then conducted descriptive
and correlational analyses to explore potential relationships between the type, frequency,
and variety of co-exploration patterns, the design stage (timeline), and the design out-
comes.

In the following sections, we describe the study procedures and analysis methods.

Data collection approach
Stage 0: Kick-off meeting
We conducted a kick-off meeting to introduce the study, schedule recurring time slots for
weekly interviews, and obtain informed consent. This session clarified study procedures,
assured participants that the PI had no role in their assessments, and emphasized their
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Figure 4.2: Schema of the weekly diary entry. Participants (A) provided a detailed description of each design
activity, (B) attached images as references for later discussions, (C) selected assignees for each activity, (D)
identified activities as co-exploration and explained their reasoning, and (E) expressed their emotions using
emojis for insights beyond text descriptions. © 2025 the authors.

right to withdraw at any time. Participants were given full autonomy in choosing how
they collaborated—face-to-face, hybrid, or fully online. The PI expressed a preference for
conducting the weekly interviews face-to-face when possible.

The PI then guided participants through the diary template they would use (Figure
4.2). While reviewing the template, participants encountered questions on co-exploration,
which prompted a brief explanation. The PI noted that a decline in co-exploration has
been observed in remote collaboration, emphasizing the need to investigate how design
researchers can better support this process [41]. Given the absence of a working definition,
participants were invited to document and interpret co-exploration as they experienced it.
The meeting concluded with an open discussion that addressed any remaining participant
questions.

Stage 1: Weekly Diary-Interviews
In Stage 1, each design team participated in a weekly diary interview session that involved
two linked activities:

1. Completing a shared group diary to document group and individual design activities
from the past week, and

2. A follow-up group interview in which diary entries were elaborated and discussed.
Diary entries [4] are a valuable method for observing participants in design research.

Advances in digital tools havemade image and audio diaries more accessible, and the diary
interview method offers deeper insights into participants’ evolving experiences over time
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Figure 4.3: Overview of one team’s design process and a close-up of their diary documentation: world-building
for a design challenge (left), brainstorming with the 6-3-5 technique and assigning sketching tasks (middle),
and group meetings (right). © 2025 the authors.

[42, 35]. For our study, we used Miro for weekly diary entries because (1) it was familiar to
students from the Covid-19 period, allowing multiple users to complete the diary simulta-
neously, and (2) it enabled students to digitize their design materials throughout the entire
process, supporting their final reports, which were required deliverables for assessment.
The diaries were completed by the students either before the interview or during the first
part of the session. While they filled out the diary, the PI remained silent, allowing them
to discuss and document activities collaboratively.

Once the diary was complete, the PI conducted a semi-structured group interview,
prompting participants to walk through their entries, elaborate on details, and reflect on
the week’s activities. During the interviews, the PI listened, asking occasional questions
to ensure the full design process was discussed. Turn-taking was monitored to ensure all
members contributed.

To capture additional details, field notes were taken immediately after each interview,
recording observations about team dynamics, communication styles, and links to prior en-
tries. The interviews were audio-recorded (with consent) and supplemented by the field
notes. We used Microsoft Teams for the interviews because: (1) it provided live transcrip-
tion, ensuring an accurate record of discussions for later analysis, and (2) it allowed remote
participation, ensuring full data collection.

As shown in Figure 4.2, participants followed a structured weekly protocol on the
Miro board. Each week, they initiated a new diary board containing templates for docu-
menting activities. For every activity, they entered a title (A1), date (A2), tags related to



4

114 4 UNDERSTANDING AND DEFINING CO-EXPLORATION

different actions (A3), and a brief description (A4). They could also attach images, both
to support their explanations and to serve as prompts in later interviews (B). Assignees
were indicated with name labels, which could be removed if someone had not participated
(C). Participants then identified which activities they regarded as co-exploration and ex-
plained their reasoning (D). Finally, they expressed their emotions using emojis, providing
insights beyond text (E). The diary board was continuous, so teams could revisit earlier
entries and link related activities. This structure, shown in Figure 4.3, offered a clear view
of the design process, for example, connecting individual sketches to group discussions.

Stage 2: Final Group Reflection Session
At the end of the project, we held a group reflection session using a card-based tool. Card
sets are widely used in design to prompt reflection, ideation, and inspiration [32]—for ex-
ample, Method Cards for empathizing with users [18], the Intent Toolkit for collaborative
brainstorming [23], PLEX Cards for playful design [24], and Progress Cards for student
reflection. [20]. Drawing on this tradition, we adapted the approach for our study.

We transformed digital descriptions of co-exploration activities from the interviews
into physical cards (Figure 4.4). Each card displayed diary content on the front as a tangible
representation of design activities, with key points and quotes on the back to prompt recall.
The reflection session beganwith a sensitizing exercise in which participants clustered and
interpreted the cards by similarity. This hands-on interaction refreshed their memories
and deepened their understanding, laying the foundation for interview questions:

Q1: How do you define co-exploration in a design team?

Q2: What characterizes an activity as co-explorative?

Q3: What does co-exploration mean to you?

Data Analysis Approach
As introduced in section 4.2 regarding the sequence of study and analysis (see Figure 4.1),
our analysis followed the reverse order of data collection. We began with the final group
reflection sessions to establish a broad understanding of co-exploration, which informed
the development of our analytical framework. We then applied this framework to the
diary interview data to map and categorize co-exploration patterns. Below, we outline
this analysis approach.
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Figure 4.4: Participants evaluating their co-exploration activities. Left: clustering cards during the reflection
exercise. Right: reading the back of the cards to recall details. © 2025 the authors.

Analysis of Group Reflection Session
We transferred responses about co-exploration into MAXQDA 2022 (qualitative data anal-
ysis software) and involved a second coder from our department in the process. Using
Virginia Braun and Victoria Clarke’s reflexive thematic analysis [5], we: (1) familiarized
ourselves with the data through repeated reading, providing the second coder (not in-
volved in the interviews) with all diaries for context; (2) generated initial codes; (3) orga-
nized them into themes; (4) reviewed and discussed codebooks to identify shared themes;
(5) reached agreement and re-checked the data; and (6) refined the themes during prepa-
ration, resulting in five features of co-exploration.

The findings from the group reflection session are presented here—immediately after
the analysis methods—because they provide the foundation for the analytical framework.
Although they are part of the results, theywere crucial for developing the analytical frame-
work. Presenting them at this stage ensures a logical flow and clarifies how the insights
from the group reflection informed the diary analysis.

• Being “Together” is Key

The term “together” appeared 76 times and emerged as central in co-exploration. Unsur-
prisingly, togetherness holds a prominent place in defining concepts prefixed with “co-”
in collaborative design. We examined participants’ descriptions to understand what to-
getherness meant to them and how it was expressed in co-exploration activities.

Together, inWhat Sense? “Together” couldmean physical co-presence or a sense of con-
nectedness even when individuals are not physically together. For example, T4P4 (Team
4, Participant 4) and T5P4 stressed the importance of “sitting together” and being present,
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while T3P2 noted that “online/offline does not matter,” suggesting that togetherness can
transcend location.

Together, with Whom? Several teams (T1, T7, T9, T11, T13) described togetherness
as interactions within their groups, underscoring the collaborative nature of their design
work. T1P4 expanded this to “people outside of the project,” suggesting that co-exploration
can also involve external collaborators.

Together, Doing What? Participants mentioned a wide range of activities. “Discussing”
was the most frequently cited (37 mentions across 14 groups), followed by “brainstorming,”
“ideating,” and “sketching together.” These accounts suggest co-exploration spans many
design activities, though what transforms such activities into genuine co-exploration re-
mains to be investigated.

• The Synergy of Different Insights

Forty-five participants stressed the value of combining diverse inputs, such as ideas, knowl-
edge, and perspectives. T12P2 highlighted that everyone should contribute, while T5P3
noted that co-exploration could begin with individual findings. Six participants (T3P4,
T4P4, T6P1, T8P2, T14P1, T14P2) also pointed to the role of past experiences and comple-
mentary skills in enriching the process.

• Being Open-Minded and Active

Sixteen participants across seven teams underscored the importance of building on one
another’s ideas, describing the process as “bouncing off each other’s ideas” (T15P2), work-
ing in a “ping-pong manner” (T2P4), or an “active push” (T4P1). This dynamic exchange
depended on open expression and active listening: T7P2 noted the need for free expres-
sion, T15P1 for everyone to be heard, and T15P3 for equal participation—“an equal seat in
a meeting.” Constructive critique was also valued, with T13P4 suggesting “nice idea, and
we can …” instead of the limiting “but.”

• Different types of communication

We identified four types of co-exploration:
1) Sharing and exchanging—mentioned by ten participants across eight teams, focused

on gaining “new perspectives” (T8P3&P4) and “new knowledge” (T10P4, T14P1).
2) Improving—highlighted by 15 participants from 11 teams, involved “deepening”

(T10P1, T16P2) and “broadening” (T5P1, T9P1) concepts
3) Combining—noted by seven participants from five teams, included “making deci-

sions” and “propelling the design process” (T2P2, T7P1, T16P3)
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4) Open-ended communication—acknowledged by five participants, emphasized that
co-exploration “does not always need to directly result in conclusions” (T4P4, T8P2), but
can foster shared understanding, expressed as “my brain is someone else’s brain too”
(T15P2) and “combining beliefs” (T3P3).

• Social and Functional Values of Co-exploration

Participants highlighted both social and functional values. T16P4, T3P1, and T11P4 un-
derscored its role in team building, with T11P4 noting, “it’s important to me […] it helps
groups become more of a team.” Trust was also seen to grow through the process (T6P3,
T16P4). Functionally, T8P4 described the process as yielding outcomes that are “more than
the sum of individual capabilities,” a view echoed by eight participants in eight teams. Oth-
ers stressed “high efficiency” (T1P3, T2P2) and “better solutions” (T1P4) as critical benefits.

Analysis of Weekly Diary-Interviews
Framework Development
To identify patterns in co-exploration across different design topics and team dynamics, we
applied the Parallel Coordinate Plot (PCP) method [19], which facilitates the exploration
and visualization of multidimensional relationships. PCP has been widely used in design
research to uncover patterns and insights, for example, in identifying design patterns for
ambient information systems [30], analyzing card-based design tools [39], and mapping
designs to frameworks to identify common usage patterns [14].

For PCP to be effective, the data must be organized into well-defined dimensions with
clearly specified values. The features of co-exploration identified in the group reflection
sessions were useful for recognizing when co-exploration occurred, but they were too
broad for PCP analysis. In particular, they lacked clearly defined, countable values that
would allow activities to be categorized and compared systematically. At the same time,
these features captured important aspects of co-exploration as experienced by participants
and thus provided a meaningful foundation. Rather than discarding them, we refined the
features into dimensions with discrete values that could be consistently coded in the diary
interview data. This refinement followed two criteria:

1) Categorization potential: Could the feature be expressed as a dimension with clearly
defined values that distinguish different co-exploration activities?

2) Data connection: Could the dimension and its values be directly observed and coded
in the weekly diary interview data?

The following describes how each feature was refined into a dimension:

1. Being “together” is key; it refers to both physical co-presence and a sense of togeth-
erness in online collaboration. While this distinction was useful for recognizing co-
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Figure 4.5: Four dimensions for characterizing co-exploration activities. © 2025 the authors.

exploration, it was too broad to categorize activities in a way that revealed patterns.
Because togetherness can also be experienced digitally, we focused on physical co-
presence to describe situations where team members were in the same location. We
therefore reframed this feature as the People Distribution dimension, specifying
values that captured the different configurations observed in the diary interview
data: physically co-present, hybrid (some joined online), completely online, and a dis-
tinct mode we term hybrid (‘hand-over’), which describes an asynchronous process
of knowledge transfer between team members (detailed with examples in the Re-
sults section).

2. The synergy of different insights captures the value of combining diverse ideas,
knowledge, and perspectives, but does not specify how these insights were gener-
ated. To make it more descriptive and directly observable, we refined it into the Di-
versity of Insights dimension, with three values: individual preparation (insights
prepared in advance), generated by group-based design techniques (collaboratively
created through methods such as brainstorming, role-playing, or mind-mapping),
and knowledgeable with no preparation (drawing on existing knowledge and skills
without prior preparation).

We identified being open-minded and active as an important attitude for co-exploration,
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but it could not be expressed as a concrete, observable dimension with distinct val-
ues. It described the quality of co-exploration rather than a characteristic of the
activity, and thus did not meet our criteria for inclusion in the framework.

3. Different types of communication were already close to a usable categorization, but
the participant terms (e.g., sharing and exchanging, improving, combining, open-
ended communication) needed alignment with terminology more common in de-
sign research. We therefore refined this into the Communication Types dimen-
sion, with four values: converging: combining (integrating insights into unified con-
cepts); All-sides refining (collective refinement without merging); one-side refining
(developing a single participant’s idea); and diverging: generating more (open-ended
brainstorming to generate diverse ideas). This rephrasing preserved the intent of
the original categories while making them more precise and analytically consistent.

4. In linking features to the diary interview data, we identified an additional factor
not captured in the original set: the distribution of information before an activity
often shaped how the co-exploration unfolded. We therefore introduced the Infor-
mation Distribution dimension, with three values: sync (participants had fully
shared information beforehand), context aware (participants had partial awareness
of others’ activities), and async (no prior sharing).

The resulting analytical framework (Figure 4.5) comprises four dimensions—Information
Distribution, Diversity of Insights, Communication Types, and People Distribution. To-
gether, these provided the structured coding scheme required for PCP analysis, which al-
lowed us to analyze co-exploration activities across different teams and identify recurring
patterns in practice.

Applying the Analytical Framework to the Data
To illustrate how the framework was applied using the PCP approach, Figure 4.6 shows
the categorization of one example activity: First Concept Meeting: 6-3-5 Technique (in-
troduced in the diary close-up in Figure 4.3). In this brainstorming session, designers first
sketched ideas individually without prior sharing, which we coded as async. The use of
the 6-3-5 technique—a structured group-based design technique—meant that ideas were
generated collaboratively, coded as diverging: generating more. Since all participants were
present in person, the activity was marked as physically co-present. As Figure 4.6 illus-
trates, mapping these four dimensions provides a structured visualization of the activity
and demonstrates how it fits within the broader analytical framework.

Using the same process, we analyzed all 161 co-exploration activities, coding each
one according to the four framework dimensions and their values. Figure 4.7 shows 16
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Figure 4.6: Example of the PCP approach applied to a co-exploration activity where the design team utilised the
6-3-5 technique for brainstorming. © 2025 the authors.

analytical frameworks, one for each design team. Each line represents a co-exploration
activity, with colors distinguishing different patterns, as further elaborated in the results
section.

Results
The study generated a substantial dataset from the weekly diary interviews: 1,562 docu-
mented activities and over 78 hours of audio material (see Table 4.1), with each session
averaging 29 minutes. Of these, 220 activities across 16 teams were initially tagged as
co-exploration, with participants explaining their reasoning. Because the quality of doc-
umentation varied across teams, we limited our analysis to 161 activities with sufficient
detail to be reliably coded. Figure 4.7 maps these activities across their dimensions and val-
ues, revealing five distinct patterns across all groups. To comprehensively illustrate these
patterns, we used heatmaps, with cell colors indicating the frequency of cases associated
with each value (see Figure 4.8-4.12)

In the following sections, we first present these five patterns of co-exploration. Each
pattern is illustrated using typical episodes from the data and is defined by a summary of
its shared characteristics across teams. We then report the quantitative analysis, which
examines team-level differences in the frequency and diversity of co-exploration activities.
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Team Times
of
weekly
inter-
view

Total duration
of weekly
interview
recordings

Numbers
of design
activities

Numbers
of collected
images

Numbers
of co-
exploration

Numbers
of selected
cases of co-
exploration

1 9 3h 28m 24s 99 47 11 7
2 11 4h 46m 30s 82 60 21 15
3 10 3h 54m 17s 107 97 15 10
4 10 4h 4m 24s 50 8 3 3
5 10 6h 6s 191 136 18 14
6 10 6h 24m 35s 112 101 12 10
7 11 3h 34m 22s 70 51 11 9
8 10 5h 46m 43s 80 122 18 13
9 10 4h 41m 28s 96 53 10 7
10 10 3h 41m 29s 69 32 12 9
11 10 5h 39m 43s 109 85 8 7
12 11 4h 59m 18s 103 55 12 8
13 10 4h 49m 39s 116 47 19 15
14 10 4h 29m 15s 66 56 13 12
15 10 9h 3m 5s 124 145 28 16
16 9 3h 26m 44s 88 68 9 6
total 161 78h 50m 2s 1562 1163 220 161

Table 4.1: Overview of collected data

Figure 4.7: Overview of 161 co-exploration activities from 16 teams mapped onto the analytical framework.
Each line represents one activity. Colors indicate groups of co-exploration activities with similar patterns,
further discussed in the results sections. © 2025 the authors.
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Co-exploration When Merging Different Insights

Figure 4.8: Co-exploration when merging
different insights. © 2025 the authors.

Episode 1: “Group Meeting: Merge!!” During a pro-
totyping day, Team 8 generated multiple lo-fi pro-
totypes, each reflecting different ideas. Two days
later, pressed for time, they reconvened to discuss
how to move forward. As T8P1 recalled, they wrote
down “merge!!” on the whiteboard, marking the
moment they decided to consolidate their ideas into
a single concept. T8P2 explained: “At the start, ev-
erything was still vague. We all had ideas […] but
we knew that we need to have one, just one.”

This pattern unfolds throughout the entire de-
sign process across all 16 teams and shows two
defining characteristics. First, individual prepara-
tion mattered, whether ideas were shared before-

hand (20%), contextually aware (14%), or entirely independent (66%). Second, the process
centered on converging–combining: teams used methods such as voting, ranking, and
detailed discussion to merge insights effectively. In terms of people distribution, 51 co-
exploration activities occurred with all team members physically co-present, with only
five cases involving partial online participation. In group reflection sessions, participants
frequently described this pattern as having “high impact,” driving “breakthroughs in the
design process,” and carrying “high importance” for collaborative outcomes.

Co-exploration When Reflecting on Existing Materials

Figure 4.9: Co-exploration when reflecting
on existing materials. © 2025 the authors.

Episode 2 “Discussing Concerns and Thinking of
Ways to Solve it” After the mid-term demo day,
Team 7 struggled to refine their concept while other
teams had already started prototyping. They pre-
sented individual preparations and attempted to
merge them into one concept, but alignment proved
difficult. As P3 reflected, “We made some decisions
that I’m not sure about. I slowly felt distance from
the project. I felt lost.” Later, P1 noted, “We had
a better overview of the framework of our project,
and we were all on the same line again now.”
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This pattern, observed in 38 activities, centered on aligning team understanding. It re-
lied on shared or contextually aware information and often resulted in teams “getting on
the same page,” either by making concrete decisions or achieving a shared clarity of objec-
tives. To navigate this ambiguity, teams frequently used visual aids such asmindmaps and,
at times, group-based design techniques like role-playing and co-sketching. A key insight
from cases like Episode 2 is that confronting ambiguity could evoke frustration, tension,
and even tears observed during some sessions. Yet these emotional moments were not nec-
essarily signs of dysfunction, but part of the difficult work of negotiating meaning when
clarity was lost. Ultimately, such challenging sessions often produced breakthroughs, en-
abling teams to realign perspectives and advance their project collaboratively.

co-exploration When Refining Initial Concepts

Figure 4.10: co-exploration when refining
initial concepts. © 2025 the authors.

Episode 3: “Prototyping Five different Concepts” In
week two, Team 5 turned sketches into lo-fi proto-
types, working together at one table. As T5P2 ex-
plained, “We sketched our ideas, mostly just for us
to communicate different kinds of thoughts. But
while we were making, we used rapid prototyp-
ing as a way to generate ideas and communicate
with each other visually.” T5P3 added, “Before this,
we were only sketching and only have very vague
ideas.” T5P1 further emphasized the need to “show
how it will work.”

This pattern appeared 37 times and revolved
around refining ideas, either all-sides refining (19
instances) and one-side refining (18 instances). In

all cases, participants came prepared, with information either pre-shared or contextually
understood by the group. All-sides refining involved the entire team collaboratively de-
veloping initial concepts, as seen in Episode 3. One-side refining was typically driven by
external input: studio coaches, user testers, or interviewees provided powerful insights
that helped overcome complex design challenges. In eight cases across six groups, this
external perspective acted as a critical catalyst, unlocking possibilities the team had not
considered on their own.

co-exploration When Generating More Ideas
Episode 4: “First Concepting Meeting: 6-3-5 Technique”
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Figure 4.11: co-exploration when generating
more ideas. © 2025 the authors.

In week three, Team 15 conducted their first
brainstorming session. As T15P3 described, “We all
had a sheet of paper and wrote five ideas each, and
maybe sketches. We then passed the paper on and
had the others build on those ideas. We did this
until all of us wrote in that piece of paper.” T15P1
highlighted the sense of co-exploration: “When we
exchanged the papers, I really felt like we had co-
exploration. Because we were building on each
other’s ideas and really getting that collective intel-
ligence that previously wasn’t there.”

This pattern, observed in 23 activities, typically
occurred during early project stages. A defining

characteristic is that no information was shared beforehand. Co-exploration began either
with an individual’s idea acting as a trigger or entirely from scratch. Teams used creative
techniques such as 6-3-5 (an idea-generation method where six people each write three
ideas in five minutes), Crazy 8s (sketching eight ideas in eight minutes), and role-playing
to produce a wide range of possibilities. While participants did not rate this pattern as
highly impactful in final reflections, it proved critical in fostering creativity and support-
ing a diverging phase, where every idea contributed to exploring possibilities.

co-exploration When Seeking Cooprations

Figure 4.12: co-exploration when seeking
cooperation. © 2025 the authors.

Episode 5: “Chance Meeting” Team 7 shared their
topic with two other undergraduate students in the
design studio. An impromptumeeting sparked a co-
exploratory process in which both groups altered
their concepts based on each other’s ideas. As T7P3
recalled: “It was really co-exploration […] We had
to alter our concepts, and they had to alter theirs
as well.” T7P2 added: “We essentially built up the
borders of the projects […] So we explored together,
and that explorationwas based on our concepts. We
also gave each other tips on how we can do it.”

This pattern highlights the unique value of
spontaneous encounters, particularly when teams
work on interconnected challenges. Observed ex-

clusively in the Design Studio 2 context—where a distributed design challenge required
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teams to ensure their work could integrate—this form of co-exploration was almost al-
ways unplanned. As seen in Episode 5, teams often entered such interactions without
a clear agenda, only to uncover unexpected opportunities for cooperation. This type of
co-exploration required no prior preparation and allowed projects to enrich one another
while remaining distinct. In framework terms, this activity fell within the communication
type of all-sides refining.

Different Circumstances of Co-exploration
Our findings revealed that co-exploration occurred under varied circumstances. Of the 161
recorded activities, the vast majority (147) took place with all team members physically
co-present, indicating the critical role of co-presence in the collaborative design process.

Nine co-explorations occurred in hybrid settings, where some team members joined
online. For example, Team 11 held three such meetings, starting with the presentations
of individual assignments before moving into co-exploration. Yet, remote members often
felt less engaged. As T11P1 expressed, “I was online, and I couldn’t really always see
what they were doing,” while T5P1 noted, “I was writing everything down, I could hear
everything, but I was not that much involved in the whole discussion.”

Two co-explorations took place entirely online. In one instance, Team 7 divided their
design topic into sub-topics and prepared individually before meeting online using Miro
and Teams. T7P2 remarked, “I think we’re probably the weirdest group when it [co-
exploration] comes to the Miro discussion […] Actually, this online meeting worked better
than on-site.” Asked why, T7P3 explained, “I think we still have a little trouble getting the
communication going when we are on-site,” while T7P1 added, “I think we are better at
writing and drawing than speaking.”

Additionally, three ‘hand-over’ co-explorations were observed, in which one team
member acted as an “information carrier” to ensure continuity. For example, during Team
16’s 3D printing task, P3 conveyed the context from a previous sessionwith P1 to the newly
present P2 and P4. This action enabled a seamless continuation of the co-exploration, keep-
ing it focused on the same issue. This hand-over was crucial, as it bridged the two sessions
and transformed them into a single, continuous activity that integrated the contributions
of all members into the collective outcome. Similar activities occurred in Teams 3 and 9,
where members contributed insights at different stages, treating the entire process as a
continuous co-exploration toward a shared goal.

Active Co-exploration Suggests Thriving Design Teams
We first examined whether different levels of experience, represented in our study by the
students’ academic level, affected engagement in co-exploration activities. A one-way
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Figure 4.13: Pattern distribution in thriving and struggling teams. The grey bar in the figure represents the
frequency, with different colors of small bars indicating various patterns of co-exploration, consistent with our
previous results on the five patterns.

analysis of variance (ANOVA) showed no significant difference between the two groups
in the number of activities (F=0.009, p=0.926) or the number of distinct patterns covered
(F=0.326, p=0.577). This indicates that, regardless of academic level, both bachelor’s and
master’s teams engaged in a similar number of activities and a comparable range of pat-
terns.

We also collected participants’ final assessments: 13 teams passed the course (includ-
ing one with an excellence remark), while three teams did not pass. We then examined
how these assessments related to the descriptive data on co-exploration. Drawing on both
the final assessments and our own observations, we categorized teams as either thriving
or struggling. The criteria for identifying struggling teams were:

1) Persistent group conflicts that hindered future collaboration (T12);
2) A consistent lack of interest in the design topic, which remained unchanged through-

out the project (T1, T16);
3) Prolonged, unsolved problems in the design process that delayed subsequent stages

(T3, T4, T7, T9, T10).
Figure 4.13 depicts the frequency and diversity of co-exploration activities in both

thriving and struggling teams. The grey bar represents the overall frequency, while the
colored segments indicate different co-exploration patterns, aligned with the five patterns
identified earlier. Thriving teams demonstrated both a higher frequency and a greater
diversity of co-exploration activities than struggling teams.

We then conducted a quantitative analysis using SPSS (Statistical Package for the So-
cial Sciences) to validate our findings. Thriving teams (N=8) had a significantly higher
mean frequency of co-exploration activities (M=12.75, SD=3.012) than struggling teams
(N=8, M=7.38, SD=2.200). An independent samples t-test confirmed this difference. Both
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groups showed sufficiently normal distributions for the test, and Levene’s test indicated
equal variances (F=0.79, p=0.389). The t-test revealed a statistically significant difference
(t=4.08, p=0.001), indicating that thriving teams engaged in co-exploration activities sig-
nificantly more than struggling teams.

We also found that thriving teams (N=8) displayed a significantly greater diversity of
co-exploration patterns (M=4.38, SD=0.518) compared to struggling teams (N=8, M=3.25,
SD=1.053). A second independent sample t-test confirmed this effect, t=2.75, p=0.01, show-
ing that thriving teams experienced a higher diversity of co-exploration patterns.

Discussion
Our research shows how the progression from identifying broad features to developing
an analytical framework and, ultimately, recognizing distinct patterns highlights the com-
plexity of co-exploration. Each stage of analysis added depth and nuance to our under-
standing. In this section, we discuss the findings and implications concerning the what,
where, and why of co-exploration in collaborative design processes.

Co-exploration as an Emergent Experience
Out of 1,562 recorded activities, only 220 were identified as co-exploration, suggesting
that structural similarities alone do not guarantee its emergence. For example, making a
mind map is an activity, but the act itself does not necessarily lead to co-exploration. The
same activity may foster co-exploration in one context but only support decision-making
in another, depending on how participants engage with one another. This indicates that
co-exploration is defined not by the activity itself but by the quality of interaction that
unfolds within it. From this perspective, we distinguish between collaborative activities
and the shared experience of co-exploration: while co-exploration occurs within activities,
it is, at its core, a shared experience among participants.

Our analysis of the five identified patterns, illustrated with detailed episodes, rein-
forces that co-exploration is emergent: it does not automatically arise in collaborative de-
sign but depends on specific conditions. These conditions align with the four dimensions
of our analytical framework: (1) how information is shared in advance, (2) how diverse in-
sights are introduced, (3) the type of communication that occurs, and (4) how participants
are physically or virtually distributed.

Recognizing co-exploration as an emergent experience shifts attention from selecting
the “right” activity to shaping the conditions under which it is more likely to occur. This
raises an important question for future research and practice: how can we design for these
conditions to make co-exploration more likely to emerge?
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Co-exploration Occurs Naturally
Co-exploration was observed across design teams of different academic levels and in both
thriving and struggling teams. While struggling teams engaged in fewer instances, they
still experienced moments of exchanging knowledge, building on each other’s ideas, and
jointly exploring problem and solution spaces. This suggests that co-exploration is not
dependent on expertise or overall team success but is a fundamental aspect of collaborative
design. Notably, we found no significant difference betweenmaster’s and bachelor’s teams
in the number or diversity of co-exploration activities.

Two factors may explain this. First, co-exploration can occur across a wide range
of activities and with varying intensity. Our data allowed us to identify and categorize
co-exploration, but did not capture differences in the depth or quality of the experience
between groups. Second, because co-exploration is not formally introduced or taught
as a concept, instructors do not explicitly guide or influence its occurrence. Instead, it
appears to emerge organically from the design process and the instincts of the designers
themselves.

Co-exploration is More than Diverging
As introduced earlier, the design process is iterative and exploratory, evolving through dy-
namic interactions between problem and solution spaces—an approach often described as
“design as exploration[16]”. In design, exploration is frequently linked to divergence, the
intentional expansion of perspectives to generate more alternatives [10]. In collaborative
contexts, individual exploration extends into co-exploration, which is often assumed to
mean simply more people contributing to a wider pool of possibilities. Brainstorming ex-
emplifies this assumption: it brings people together to foster creativity, open possibilities,
uncover hidden issues, and reframe problems—all of which require divergence.

Our findings, however, reveal that while co-exploration includes divergence, it is not
limited to it. Co-exploration also involves refining ideas, reflecting on insights, converg-
ing toward solutions, and coordinating efforts. These patterns of co-exploration unfolded
throughout the entire design process, serving purposes beyond simply generating alter-
natives. This challenges the traditional view of co-exploration as primarily divergent and
highlights it instead as a multifaceted, dynamic experience expressed through a variety of
collaborative activities.

Co-exploration is More than the Sum of Individual Exploration
T8P4 noted, “the end result is more than the sum of individual capabilities,” while T15P1
described a sense of “collective intelligence,” pointing to the emergence of collective cre-
ativity. Co-exploration is not merely an additive process of combining individual skills; it
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is generative, enabling ideas to emerge that no single member could have produced alone.
Our findings suggest that co-exploration acts as an engine for this process: teams ex-
change perspectives, refine ideas, and challenge assumptions, producing insights beyond
the reach of any individual. This resonates with research on collective intelligence, which
shows that a team’s effectiveness depends not only on individual intelligence but also on
how well members listen, communicate, and build on each other’s ideas [40].

The true value of the “co-” in co-exploration lies in its power to transform individual
knowledge into collective creativity through shared, interactive experience. The reported
failures of remote collaboration provide compelling evidence for this [41]: teams found
that more individual exploration, combined with group discussions, could not compen-
sate for the absence of genuine co-exploration. This presents both a critical challenge and
an opportunity for future research. If co-exploration is key to unlocking a team’s cre-
ative potential, how might we design tools that go beyond simple information exchange
in remote settings? How might technology support the lived, shared experience of co-
exploration, fostering the togetherness and interactive synergy that collaborative design
processes require?

The Sense of Togetherness
From the group reflection sessions, one of the five key features of co-exploration was
the importance of being “together,” both in physical co-presence and in a shared sense of
connection when apart. Of the 161 recorded co-exploration activities, the vast majority
(147) occurred in physically co-present settings, suggesting a strong preference for face-
to-face collaboration. The remainder occurred fully online, in hybrid formats, or, in three
cases, through handover.

Interestingly, none of the non-co-present activities occurred at the start of the collab-
orative process. A likely reason is that creativity is more easily fostered when there is
no fear of judgment or external evaluation; people need to feel safe to share half-formed,
unconventional, or “silly” ideas, which often become the seeds of breakthrough concepts
[28]. Early co-present interactions may therefore build we-experiences—a sense of habit-
ual togetherness[29] that allows co-exploration to continue remotely later in the process.

However, participants also reported challenges in remote co-exploration, such as dif-
ficulty seeing what teammates were doing (T11P1) or feeling reduced to a passive role,
like notetaking (T5P1). These barriers may help explain the relatively low number of non-
co-present co-exploration activities. At the same time, they highlight opportunities for
future research: to design tools and practices that enhance visibility, active participation,
and foster a stronger shared presence in remote settings, thereby improving the conditions
for co-exploration beyond physical co-location.
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Synchronizing or Contextualizing
In collaborative design, gathering and sharing information from diverse sources is crucial
[11]. Particularly in remote collaboration, the availability and accessibility of data are
vital for confidence in the collaborative process [7]. Our study, however, reveals a more
nuanced picture of information sharing prior to co-exploration. Only 48 activities involved
fully synchronized pre-sharing of information, while 89 relied on asynchronous sharing
and 24 on contextual awareness without comprehensive pre-sharing. This suggests that
complete information sharing is not always essential for effective co-exploration.

Two factors may explain the lower rate of pre-sharing. First, the educational context
might have encouraged participants to trust their ability to align and share information
during scheduled meetings. Second, the loosely coupled nature of tasks allowed indepen-
dent preparation, with convergence happening later in discussions. These insights align
with Kvan’s assertion that synchronicity is less critical for cooperative tasks, which require
less coordination than for collaboration, which demands multi-level communication and
structured planning [22]. Our findings suggest that designers might engage in more co-
operative work than anticipated, where synchronous information sharing is not always
necessary.

The Impact of Co-exploration
Our quantitative analysis revealed a contrast in the frequency and diversity of co-exploration
activities between thriving and struggling teams. Thriving teams engaged more often and
exhibited a broader range of patterns, while struggling teams participated less and showed
fewer types.

The success of design outcomes is complex, shaped by a multitude of factors, such as
the challenge [34], group culture [17], communication dynamics [8], team relationships,
and leadership styles [25]. While it is too early to establish a direct causal link between
co-exploration and successful design outcomes, the observed differences suggest its poten-
tial importance. We therefore argue that co-exploration should be seen as a contributing
element influencing the trajectory of design success, warranting further investigation by
design researchers.

Limitations and Future Work
We acknowledge several limitations in our study to address in future research. First, the
first author’s involvement might have influenced participants’ behavior. Knowing that
their design processes were under investigation and that the researcher sought specific
insights, participants may have modified their actions or presented their work in a more
favorable light to align with perceived research expectations [1]. To mitigate this bias,
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we conducted a long-term study and clear that the first author had no role in their final
assessment, assuring participants that no details would be shared with their examiners.

Second, the scope and diversity of our sample may limit the generalizability of our re-
sults to all collaborative design processes. Our participants were design students, whose
skills may differ from those of professional designers. Moreover, the final assessments con-
sidered learning progress, which might not fully reflect the quality of the design outcomes.
To address this limitation, future work will include consultations with design experts to
evaluate the applicability of our findings beyond the educational context.

Finally, participants at times used our weekly interviews as opportunities for their
group reflection sessions. This had a dual impact: on the positive side, it showed that
participants valued reflection and that it possibly enhanced their motivation to engage
with the study. At the same time, it raises the possibility that our research influenced their
processes, potentially altering the frequency or nature of their group reflections. While
we recognize this limitation, we believe it did not fundamentally change the essence of the
teams’ co-exploration activities, since the diary-interviews did not involve new techniques
and offered no additional insights into co-exploration mechanisms.

Conclusion
This article presented a five-month longitudinal observational study of co-exploration in
collaborative design processes, involving 61 students across 16 design teams. Through the
analysis of group reflection sessions and iterative coding, we identified five features of
co-exploration that shaped our four-dimensional analytical framework: information dis-
tribution, diversity of insights, communication types, and people distribution. This frame-
work allowed us to categorize co-exploration experiences and recognize distinct patterns,
offering a deeper understanding of its role in collaborative design.

Our findings show that co-exploration is not confined to the early, divergent phases of
design. It also encompasses reflection, refinement, convergence, and coordination through-
out the process. The “co-” in co-exploration lies in its capacity to transform individual
knowledge into collective creativity through shared, interactive experience. Togetherness—
both as a practical condition and as a social value—plays an important role in enabling this
transformation. As a result, teams achieve outcomes that exceed what individuals could
accomplish alone. Thriving teams engaged in co-exploration more frequently and demon-
strated a broader range of patterns than struggling teams. While our statistical analysis
revealed significant differences between these groups, we do not assert that increased
co-exploration directly leads to better design outcomes. Instead, we suggest that the pres-
ence and diversity of co-exploration activities can serve as indicators of team dynamics,
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creative engagement, and the health of the collaborative process.
Based on these insights, we propose the following recommendations for designers and

facilitators of collaborative projects:
(1) Foster sharedunderstanding early: In early design stages, co-exploration should

prioritize individual preparation and open discussion to build common ground, even if tan-
gible results are not achieved. Rather than rushing to merge ideas, teams should focus on
collective ideation and establishing a common ground.

(2)Address ambiguity: When teams feel lost or face ambiguous issues, co-exploration
often occurs when reflecting on existing materials. Revisiting past work can help regain
clarity. Techniques such as role-playing, rapid prototyping, or mind mapping—combined
with open dialogue—can be very effective in reframing challenges and clarifying objec-
tives.

(3) Incorporate external input: Engaging coaches, peers, or industry experts can in-
troduce fresh perspectives that enrich co-exploration, especially when teams face complex
design challenges (as seen in the Co-exploration When Refining Initial Concepts section).

(4) Adapt dynamically as a team: All members should recognize and share the
responsibility for adapting to a team’s unique working style. This collective awareness
involves tailoring collaboration settings to the team’s needs and consciously shifting be-
tween different patterns of co-exploration.

(5) Value spontaneous encounters: Impromptu discussions can spark collaboration
and create unexpected opportunities, particularly when teams work on interconnected
challenges. Fostering an environment that allows such encounters can enhance the col-
laborative process.

In sum, we have shown that co-exploration is a multifaceted and emergent experi-
ence. It moves beyond divergence and the aggregation of individual ideas, transforming
collaboration into a process that builds collective intelligence, deepens togetherness, and
strengthens the conditions for a creative, healthy, and thriving design practice.
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4.3 Reflection
This study is the largest and most complex investigation I conducted during my PhD, in-
volvingmany participants over a long period and requiring careful planning and execution.
Over the duration of a semester, I observed 16 design teams, gathering rich data that al-
lowed me to investigate co-exploration from multiple perspectives. This study ultimately
resulted in an applicable analytical framework and the identification of five patterns of
co-exploration activities.

Reflecting on the study design, I also recognize several limitations worth noting. First,
while the diaries allowed participants to document their weekly activities, I did not require
them to log events immediately after they occurred. This means somemoments, especially
informal or socially meaningful ones like having lunch together, may have gone undocu-
mented, even though they could influence how teammembers bond and collaborate. Only
one team, for example, explicitly included this type of detail in their diary, but I can imag-
ine it occurred more often. While I took care to remain neutral during weekly interviews,
my role as a design researcher may have shaped participants’ assumptions about what was
relevant to the document. It is possible that they selectively recorded only those activities
they perceived as design-related, potentially overlooking social or contextual interactions
that also contributed to their collaboration.

Second, I aimed to balance the need for rich, in-situ data with a minimal level of inter-
ference in the design process. This led me to adopt weekly interviews rather than asking
each individual to maintain a separate diary. Asking individuals to first record their own
reflections before consolidating them into a group diary might have improved recall and
made individual contributions more explicit. However, such an approach also posed prac-
tical challenges. It would have increased the workload for each participant and resulted
in redundant data when documenting group activities. More importantly, if even one
member dropped out or failed to maintain their diary, the continuity of the entire team’s
collaborative design process would be compromised. By having a shared group diary, par-
ticipants could distribute the documentation work as they preferred, remind one another
of overlooked activities, and help describe contributions when a teammate was unavail-
able, thus maximizing the likelihood of capturing the full design process.

Lastly, although the final co-reflection session surfaced valuable factors such as individ-
ual skillsets, shared intentions, interpersonal dynamics, and varying levels of engagement,
I was not able to analyze these elements systematically. These elements relied heavily on
subjective perception and lacked a standard reference anchor. For example, one team
categorized their co-exploration activities based on levels of engagement, but there was
no way to tell whether their standards matched those of another team. This limited my
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ability to incorporate these insights into the analytical framework. Future studies could
explore the identified elements using methods that enable an analysis of their connection
to different co-exploration patterns or their underlying values.

Interestingly, I observed that the weekly diaries unexpectedly provided a regular op-
portunity for co-reflection among participants. Although this was not an original aim of
the study, it offers insights into the educational value of structured reflection in collabo-
rative design.

Participants widely reported that the weekly diary process helped them gain clarity
about their design process and decision-making as a team. One participant noted, “I think
it helped us understand the design process and the path we followed as a group.” Oth-
ers valued the opportunity to reflect regularly throughout the project, rather than only
at the end. Some even adopted similar reflection practices in other projects. In addition
to supporting the design process, the weekly reflection sessions also contributed to team
dynamics. Several participants shared that regularly discussing their work improved co-
ordination, alignment of goals, and awareness of each team member’s contributions. One
participant described the experience as “very valuable for me personally and for us as a
team, to get an overview, to stay motivated, and to get positive feedback,” while another
remarked, “We were about to become better group members and even friends. This is the
deepest I have reflected on a design process, ever.”

Another insight from this study was the role of Miro as both a research and visual
documentation tool. Participants found it effective for tracking activities and visualizing
progress. Most teams continued using the Miro board outside of the scheduled interviews,
primarily to support report writing and keep an overview of their design process. As
one participant shared, “I opened the Miro board every Wednesday for approximately 15
weeks. All the designs and features were written there. I always reviewed the previous
meeting’s content to guide my individual weekly tasks. This was essential for effective
progress.”

These benefits raised a broader methodological question: to what extent might the
reflective structure of the study have shaped participants’ engagement in co-exploration
itself? A reasonable concern is that regularly documenting and co-reflecting may have
helped participants better understand their design journey, foster team alignment, and de-
velop reflective habits, which in turn could have increased the frequency of co-exploration
activities. Co-present, shared experiences are known to foster mutual awareness, common
goals, interdependence, and emotional attunement, all of which constitute co-exploration.
Although it is plausible that the weekly diary-interviews encouraged participants to re-
flect more actively on their collaboration, any such influence would have applied equally
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across all teams due to the uniform study protocol. More importantly, the definition of co-
exploration emerged not from frequency counts or participants’ reflection quality, but
through analysis based on the framework, examining observable characteristics of co-
exploration: how information was distributed, how insights were generated and used,
and where participants were located during their collaborative work. In this sense, the
reflective structure of the study did not distort the definition of co-exploration, but rather
helped capture how it emerged through the collaborative process.

Seen in this way, the positive feedback may be understood not only as a side benefit
of the study but also as evidence that the weekly diary-interviews supported meaning-
ful design reflection. Reflecting on the method I used, I believe the value participants
experienced stemmed in part from how the study aligned with Schön’s theory of reflec-
tion [84]. It facilitated reflection-on-action because teammembers documented their com-
pleted work in a structured diary and participated in weekly interviews. This retrospective
practice allowed them to review past activities, learn from their experiences, and equip
themselves for upcoming work. At the same time, it also supported reflection-in-action
because the design project was still evolving, and participants did not always have a clear
understanding of how their actions contributed to the overall project. As their process un-
folded, they reflected in action, learning and adjusting their strategies dynamically, using
their reflections to improve collaboration and decision-making in real-time.

Reflection is an essential element of the design process, enabling designers to navigate
uncertainty, make informed decisions, and continuously refine their work. Developing
the ability to reflect in and on actions is a crucial skill that designers should cultivate, as
it allows them to both adapt their approach while designing and critically analyze past
decisions for future improvement. However, effective reflection is not automatic – it is
a learned practice that requires scaffolding. Design educators, coaches, and institutions
have a role in equipping students with reflective skills that support their creative process.
Structured reflection has long been recognized in education as a valuable pedagogical tool.
For example, Whipp demonstrated that structured prompts improve the depth of reflec-
tion among students who are still developing these skills [105]. Building on this, recent
research offers valuable examples of research in design education that explores how tech-
nology can provide this scaffolding. For instance, tools like the ReflecTable use video-led
games to support university students in reflecting on their actions to bridge theory and
practice [38], while ReflectionSchema uses integrated visual prompts to scaffold collabo-
rative reflection in action for K-12 students [109]. Moving forward, it would be valuable
to explore how teaching co-reflection could prepare future designers to collaborate more
effectively in team settings.
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5.1 Introducing this Chapter
This chapter builds on the previous investigation of co-exploration by examining how the
identified patterns can inform the design of tools for professional practice. The previous
chapter synthesized five patterns of co-exploration based on a longitudinal study of 16
student design teams. While these findings provided a valuable analytical framework and
illustrated the value of co-exploration in collaborative design, they were developed within
an educational context. As student designers are still in the process of learning, their col-
laboration dynamics often differ from those in professional settings. This chapter, there-
fore, investigates whether and how the patterns identified in education are recognizable
in professional practice, and further explores how professional insights can be translated
into intermediate-level design knowledge [39] to support remote co-exploration.

Section 5.2 presents a study with experienced design professionals. It was guided by
the research question: How to support co-exploration during remote design collab-
oration? Through interviews with eight experts, I first introduced the five co-exploration
patterns identified in the educational context and invited participants to share their own
experiences of co-exploration in both co-located and remote settings. Their responses
affirmed the relevance of the patterns in professional practice, suggesting that these pat-
terns are not limited to the educational context. At the same time, the experts highlighted
how remote collaboration influences the execution and quality of co-exploration, particu-
larly in how people engage with materials, interact with one another, and navigate shared
processes. To address these challenges, I guided the experts to explore how tools could
be designed to better support co-exploration in remote settings. They engaged in a spec-
ulative ideation process using a set of Inspiration Cards. These cards featured a mix of
elements, including prototypes of varying fidelity, communication cues such as point-
ing, eye gaze, and hand gestures, as well as advanced technologies commonly explored
in the field. From the designs they proposed and the rationale they articulated during the
ideation process, I analyzed the underlying design considerations for supporting remote
co-exploration. These considerations reflected how tools might shape and respond to the
interplay between people, materials, and interactions. I synthesized these insights into
the Designing Tools for Co-exploration (DTC) guideline, which offers intermediate-level
design knowledge to support remote co-exploration. The guideline is intended to assist
tool designers in creating interventions that enable specific co-exploration patterns, and
to support design teams in reflecting on their collaborative practices and identifying op-
portunities for improvement.

Section 5.3 offers a reflection on the research journey. The DTC guideline represents
the final outcome of my PhD research, integrating insights from research and practice



5

144 5 GUIDELINES FOR IMPROVING REMOTE CO-EXPLORATION

into a structured understanding of remote co-exploration. While it captures what I have
learned, its application in real-world settings remains untested, and future work may need
to address the distinct needs of tool developers and collaborating designers. For instance,
while developers might embed platform features to support contextual awareness, design
teams may rely on routines or communication practices to achieve similar outcomes.
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5.2 Interviews with Professional Design Experts

When Design Collaboration Goes Remote:
Intermediate-Level Knowledge for Empowering Remote Co-exploration

Abstract
The rise of remote work has reshaped how design teams collaborate, introducing chal-
lenges in replicating the benefits of in-person collaboration. As remote collaboration
normalized, accelerated by the COVID-19 pandemic, new challenges emerged that had
previously gone unnoticed. Among these, designers report the loss of co-exploration,
the experience of iteratively exploring prototypes, ideas, and concepts together. Prior
research has identified five patterns of co-exploration, demonstrating its functional and
social value in collaborative design. However, because that research was conducted in
educational settings, it remains unclear whether the five co-exploration patterns also re-
flect the experiences of professional designers, and how such co-exploration should be
supported in remote design activities based on expert perspectives. To explore these ques-
tions, we interviewed eight design experts to examine how the five co-exploration patterns
apply in both co-located and remote settings. While they described a variety of challenges
in remote collaboration, our analysis showed how remote collaboration affects both the
execution and quality of co-exploration. These findings informed a speculative ideation
process, in which experts used Inspiration Cards to propose solutions grounded in practice.
Their insights revealed the importance of shaping conditions that support co-exploration
through the coordinated use of people, materials, and interactions. These findings led to
the development of the Designing Tools for Co-exploration (DTC) guideline, which pro-
vides intermediate-level design knowledge to guide tool creation and help design teams
strengthen their collaborative practices.

Introduction
In the post-COVID-19 era, remote work has become increasingly common, offering the
opportunity to collaborate with individuals worldwide while saving on travel time (and
cost) and reducing our carbon footprint [26]. However, the effectiveness of remote col-
laboration, particularly in creative industries, remains a point of debate. Industries that
thrive on collective creativity and physical interaction struggle to replicate the dynamics of
co-located collaboration. In design, remote collaboration presents challenges; researchers
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such as Ostergaard and Summers emphasized that distributed design teams require tar-
geted and specialized support compared to collocated teams [50].

Comparative studies on remote and co-located design collaboration highlight these
challenges. Remote collaboration tends to reduce engagement, limit ideation, and compli-
cate communication between team members. For example, designers working remotely
may produce fewer design alternatives [15] and use fewer design alternatives [22]. To mit-
igate these challenges, researchers in Human-Computer Interaction (HCI) and Computer-
Supported Cooperative Work (CSCW) have developed various tools that bring back the
qualities of in-person collaboration. These tools support a variety of activities such as
remote co-sketching [59], physical interactions with design materials [25, 58], sharing
work-in-progress in online communities [32], and enabling informal communication be-
fore and after formal meetings [28]. While these tools are valuable, such task-specific
solutions often fall short of addressing the full complexity of remote design collaboration.
More specifically, Idi and Khaidzir emphasized that design collaboration involves multi-
disciplinary aspects, which encompass not only communication, technology, and social
interaction, but also design theories, processes, and methods [30].

Fifteen years after Gary and Judith Olson’s foundational work “Distance Matters” [49],
Bjørn et al. revisited the question of whether distance still matters in light of technological
advances and evolving work practices [4]. As remote work has become even more preva-
lent, particularly post-COVID-19, this question is more relevant than ever. Following this
work, we focused on the design field to investigate emerging challenges that had previ-
ously gone unnoticed. Recent research by Ye et al. highlighted a loss of co-exploration in
remote design teams, the experience of iteratively exploring prototypes, ideas, and con-
cepts together [60]. They called for attention to co-exploration when designing tools
for remote collaboration. Our study responds to this call, seeking to understand how
co-exploration can be effectively supported.

This paper presents a follow-up study that builds on prior research aimed at under-
standing co-exploration, where five recurring patterns were identified through a longitu-
dinal study of 16 student design teams. Extending this work to the professional design
context, we gathered insights from experienced designers to explore how co-exploration
manifests in remote collaboration. Experts reflected on the five patterns, shared practical
challenges, and engaged in speculative ideation using Inspiration Cards to envision new
tool concepts. By analyzing their ideas and rationales, we identified recurring themes and
mapped their interconnections. These insights are synthesized into the Designing Tools
for Co-exploration (DTC) guideline, which offers intermediate-level knowledge [27] to
support tool development for remote co-exploration. The guideline serves as both a start-
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ing point for design focus and a reflective resource for evaluating design decisions and
outcomes.

Together, this work expands the understanding of co-exploration in professional de-
sign collaboration, offers actionable insights through the DTC guideline, and addresses
remote design collaboration as a complex topic. By considering social interactions, mate-
rials, and collaborative dynamics, it provides a more holistic and applicable foundation for
improving the remote design experience.

Background and related work
The design process is inherently iterative and exploratory, evolving through a dynamic in-
teraction between problem and solution spaces [12] — a process characterized as ‘design
as exploration’ [24]. This process embraces uncertainty and creativity, allowing teams to
explore ‘what’ to create without a predetermined ‘how’ [11]. Within collaborative settings,
this exploratory spirit becomes deeply social, as teammembers contribute diverse perspec-
tives to build common ground when collaborators engage in communication and express
confirmation of comprehension through words or bodily movements - an aspect central to
effective remote collaboration, as emphasized in research on why distance matters during
remote collaboration [4, 49].

However, remote collaboration introduces challenges to these collaborative dynamics.
Studies have shown that remote collaboration tends to reduce engagement, limit ideation,
and complicate communication between team members. Hammond et al. [22] found that,
although designers spent more time collaborating in a distributed collaborative design
process, they experienced higher workloads and discussed fewer topics. Rice et al. [51]
reported that distributed teams show lower effectiveness in understanding and negotiat-
ing concepts. Eris et al. [15] added that distributed collaborators use fewer gestures, with
graphical communication appearing to increase as a compensatory mechanism. The re-
mote settings, according to Kvan [37] and Cross [10], can lead to compromised design
decisions, restricting the ability to explore the best solutions.

These challenges have prompted a wave of tool development aimed at recreating the
affordances of in-person collaboration. For instance, DigitalDesk [59] supports remote co-
sketching, while DigiTable [8] and ClearBoard [31] integrate gestures and eye contact for
richer interactions. For activities such as brainstorming, the Distributed Designers’ Out-
post [33] incorporates physical elements like post-its as interaction primitives. Beyond
sketching, design processes often involve collaborating around 3D objects. Tools such
as Syco3D [48] enable real-time 3D CAD modelling, and the Immersive Discussion Tool
(IDT) [9] facilitates reasoning and annotating 3D models during discussion. More compre-
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hensive platforms like CollaboVR [25] and BeHere [58] allow remote teams to manipulate,
point at, and edit 3D objects remotely, combining multiple functions to support different
actions during the design process.

The COVID-19 pandemic drastically accelerated the adoption of remote collaboration,
further amplifying the urgency of understanding how to support it effectively. Alongside
the new practices, new challenges also emerged. For example, Ye et al. [60] reported a
loss of co-exploration during remote prototyping, where designers experienced reduced
collaborative engagement. Activities such as jointly editing, manipulating, and interacting
with prototypes while building on each other’s ideas became less frequent. They called
for tools that better support these co-explorative activities.

Yet this raises a deeper question: what exactly are co-exploration activities? Although
the term may sound self-explanatory, its meaning remains unclear in the literature. In
some contexts, it has been used interchangeably with collaborative design exploration,
such as when using cultural probes to support shared interpretation and new understand-
ing in early design stages [42]. In other cases, it is described as a continuous team activity
spanning the design process — from brainstorming and concept development to prototyp-
ing and evaluation [57]. This inconsistency is not unique to co-exploration; as Mattelmäki
and Visser [43] noted, the widespread use of “co-” terms in design research often leads
to conceptual ambiguity, with many terms lacking clearly defined boundaries or distinct
contributions.

Recognizing this ambiguity, we argued that it is necessary to first understand what co-
exploration is before proposing how to support it. We conducted a five-month longitudinal
study following the full design processes of 16 student teams. Across 1562 documented
activities, we identified 161 instances as co-exploration activities for further examination.
As shown in Figure 5.1, we developed a four-dimensional analytical framework that di-
vides co-exploration into two stages: before and during the activity. Each stage includes
two dimensions. The framework is read vertically. The first two columns represent the
Pre-co-exploration phase: (1) how information is shared in advance (e.g., synchronously
or asynchronously), and (2) how diverse insights are introduced (e.g., individually pre-
pared or generated through group methods). The next two columns correspond to the
During co-exploration phase: (3) the type of communication that occurs (e.g., diverging to
generate more ideas or converging to refine existing thoughts), and (4) how participants
are physically or virtually distributed (e.g., all co-located, hybrid, or fully remote). Each
co-exploration activity is described by selecting one value from each of the four dimen-
sions, allowing for the visualization and comparison of different types of collaborative
engagement across teams. From 161 documented co-exploration activities, we identified
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Figure 5.1: The analytical framework for examining co-exploration activities

five recurring patterns:

1. Merging Different Insights: Co-exploration happens when teams synthesize differ-
ent perspectives to unify varied ideas into a coherent design direction.

2. Reflecting on ExistingMaterials: Co-exploration occurs as teams revisit earlier work
to regain shared understanding and clarify assumptions.

3. Refining Initial Concepts: Teams experience co-exploration by jointly refining al-
ready aligned ideas, adjusting and enriching them to develop more focused design
concepts.

4. GeneratingMore Ideas: Co-exploration emergeswhen teams engage in idea-generation
sessions, using creative techniques to build on each other’s insights and uncover un-
expected design directions.

5. SeekingCooperation: Co-exploration occurswhen people fromdifferent teams spon-
taneously look for ways to connect their designs, exploring how to avoid conflicts,
share data or resources, or ensure that separate design outcomes can work together
effectively.
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Although participants engaged in many collaborative design activities, only a small
portion were described as co-exploration. Activities that appeared similar in form dif-
fered in how they were experienced—what mattered was not the type of activity, but the
way people engaged with it. Factors such as attitudes, communication dynamics, shared
goals, and interpersonal relationships shaped whether a moment became co-explorative
or remained task-driven. These findings highlight that co-exploration is not a fixed ac-
tivity but an emergent experience shaped by context. As Hassenzahl [23] noted, while
experiences cannot be replicated exactly, we can shape the conditions so that the desired
experience is more likely to occur. Supporting co-exploration, therefore, means creating
the right conditions for it to emerge.

Method
This study received ethical approval from the university’s Ethical Review Board, and in-
formed consent was obtained from all experts before the study commenced.

Professional Design Experts
In this study, we aimed to involve experts from various roles within the design industry to
ensure a broad spectrum of knowledge and experience. We recruited eight professionals
holding different positions across multiple design companies, each with extensive experi-
ence ranging from years to decades. An overview of recruited experts and their respective
background information can be found in Table 5.1. We asked them about the typical scale
of their collaborative teams, focusing on how many people they closely collaborate with
and the types of occupations these collaborators have. The team sizes reported varied but
generally consisted of small groups. Since we are especially interested in remote collab-
oration, we collected information on their experience with remote design collaboration.
The responses revealed varying levels of remote collaboration, including working with
colleagues in different cities, neighboring countries, and various parts of the world.

Procedure
The study consisted of a series of one-on-one semi-structured interviews, divided into two
phases: An experience-mapping exercise and an ideation practice. The study materials
used in each part are explained in detail in section 5.2. With the expert’s consent, we
audio-recorded the study for later analysis.

In the experience-mapping exercise, we introduced the five patterns of co-exploration
and explained the double-diamond model. To ensure participants had a clear understand-
ing of the concept, we first walked through each of the five patterns in detail, provid-
ing concrete examples from previous studies to illustrate what each pattern looked like
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Table 5.1: Overview of recruited experts and their respective background information

Expert Experience
(years)

Position Team scale
(people)

Location of remote collaborators

P1 6 - 10 Design engineer 6 - 10 Various parts of the world
P2 > 35 Design engineer 6 - 10 Various cities in same country
P3 26 - 30 Design consultant 1 - 5 Various cities in same country
P4 6 - 10 Industrial designer 6 - 10 Neighboring countries
P5 > 35 CEO of design studio 1 - 5 Neighboring countries
P6 16 - 20 Product designer 1 - 5 Various cities in same country
P7 6 - 10 Head of product 1 - 5 Various parts of the world
P8 6 - 10 COO of design studio 6 - 10 Neighboring countries

in practice. After this introduction, Experts were provided with color-coded tokens rep-
resenting each pattern and asked to map their co-exploration experiences on a double-
diamond model, first for co-located and then for remote experiences. This exercise aimed
to 1) gain insights into experts’ experiences with co-exploration in both co-located and
remote settings. and 2) ensure that experts had a clear understanding of co-exploration
before proceeding to the ideation practice. While we acknowledge ongoing critiques of
the Double Diamond model for oversimplifying real-world design practices, we align with
Kochanowska andGagliardi’s perspective that it serves as a useful point of reference rather
than a prescriptive framework [35]. Our intention was not to enforce a strict process but
to use the model as a tangible prompt to encourage experts to reflect on, discuss, and
articulate their co-exploration experiences through storytelling and dialogue.

In the ideation practice, we used Inspiration Cards to prompt experts to envision tools
and solutions for supporting remote co-exploration. To help participants get familiar with
the method, the first author introduced the cards one by one, explaining the meaning of
each card and how it related to challenges in remote collaboration. When participants
asked for further clarification, we provided examples of existing tools or research to illus-
trate how such challenges had been addressed in other contexts. Experts could start with
either the Domain Cards, if they had specific co-exploration experiences in mind, or the
Technology Cards if they were inspired by a particular technology and wanted to explore
its potential applications. Our goal in this phase was to have experts draw from their own
experiences to speculate on how remote co-exploration could be better supported. By
analyzing the envisioned solutions and underlying rationale, we aimed to extract design
knowledge to inform guidelines for developing tools that support remote co-exploration.
Throughout the interviews, the first author positioned themselves as a listener and learner,
encouraging experts to point out any missing aspects of co-exploration or suggest addi-
tional patterns that better reflected their experiences.
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Study Materials: Maps, Tokens, and Inspiration Cards
The study involved several materials to support both the experience-mapping exercise and
the ideation practice. To help participants grasp the five co-exploration patterns, we first
provided illustrated sketch cards (70×140 mm) as visual references, making the abstract
concepts more tangible. For the mapping activity itself, experts used an A3 Double Dia-
mond map along with a set of color-coded circular tokens (25 mm), each corresponding to
one of the five patterns. These tokens enabled participants to annotate and reflect on their
past co-located and remote co-exploration experiences directly on the map. This reflective
activity helped ground their thinking and prepared them for the ideation phase.

In the ideation practice, we followed the Inspiration Cards approach [21] to develop the
Domain Cards and Technology Cards. TheDomain Cards represented the five co-exploration
patterns, providing experts with a goal of the types of activities their tools could support.
The Technology Cards were designed to cover a range of tools and technologies, encour-
aging experts to think about how these could support remote co-exploration activities.
These technology cards were first informed by including key elements from a comprehen-
sive review by Romina Druta et al, about the current state of remote assistance technolo-
gies, devices, visual display technologies, and communication cues [14]. This was then
finetuned through the lens of a second literature review by Ye et al. that addressed the
specific needs of designers during remote collaboration [61]. These two reviews ensured
that our selection of technologies addressed practical demands in remote collaborative de-
sign. When determining the number of cards to include, we were guided by Lucero et al.
[40], whose work showed how the number of cards affects experts’ engagement with the
design process. Following their insights, we included 33 Technology Cards and 5 Domain
Cards (Appendix A), ensuring experts were inspired without becoming overwhelmed by
too many choices.

A pilot study led to card refinements: reducing images to one for clarity and resizing to
post-it size (75x75mm) for better A3 poster integration. Blank cards were also provided so
that experts could add specific terms during their ideation sessions. As depicted in Figure
5.2, an expert used the materials to sketch ideas on a poster, with the full card set laid out
nearby, including a newly created card labelled “facial expression.”

Data Collection and Analysis
To gain firsthand insights into their everyday working environment, we conducted in-
terviews at their design studios, allowing them to reference specific projects, tools, and
materials. This provided a more contextual understanding of their design processes. With
their consent, interviews were audio-recorded, and photos were taken of study materials,
including double-diamond maps and idea posters. In total, we collected 15 hours of audio
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Figure 5.2: Study setup showing an expert engaging with sketching and Inspiration Cards during the ideation
session, with mapping materials and pattern tokens visible in the background.

data and 24 posters —22 containing fully formed ideas with implementation thoughts and
two depicting past co-exploration scenarios that aided recall but did not generate new tool
ideas.

For the first part of the analysis, we employed an inductive/deductive hybrid the-
matic approach [16] in MAXQDA [19]. Given that our study was grounded in the co-
exploration framework and existing literature, our goal was not to introduce new terms
but to provide actionable insights. This hybrid method allowed us to use predefined con-
cepts while remaining open to emerging themes through iterative review. By analyzing
how experts mapped the five co-exploration patterns and described their experiences in
both co-located and remote settings, we identified the specific impacts of remote collabo-
ration on co-exploration in professional practice.

In the second part of the analysis, we sought to visually connect the design artefacts
with theories, as shown in Figure 5.3. Drawing inspiration from Sauerwein et al.’s work
[52], where they adapted the original concept of annotated portfolios as an instrument
for analyzing interviews, we applied this approach to our study. We followed a five-step
process to conduct our analysis: We (1) highlighted 244 relevant quotes (between 18 and
39 per interview) by reading through the transcriptions multiple times and marking all
relevant passages. (2) We summarized these quotes and connected them to specific parts
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Figure 5.3: An excerpt from our analysis, illustrating idea no. 10 is annotated with quotes (in rectangular
boxes) and categorized into themes (in bold fonts) with distinct colors.

of the ideas. (3) We categorized the quotes into themes, assigning different colors to repre-
sent each theme. (4) We organized the themes into hierarchies to determine relationships
and overall structure. (5) We examined connections between ideas across the annotated
posters and conducted a map of the themes and key aspects (Appendix B).

Results
This section presents expert insights on co-exploration and ideas for supporting it re-
motely. We analyzed challenges and proposed solutions, identifying key themes and re-
lationships (Appendix B). While these themes reflected the participants’ input, the lines
between themwere not explicit. To clearly communicate these insights, we sought a struc-
tured approach that provides a clearer and more comprehensive representation. Drawing
from co-located collaboration, we structured our findings around three distinct but inter-
connected spaces: working space, meeting space, and project-specific space (Figure 5.4).
These spaces reflect how people, materials, and interactions intertwine in co-exploration.
We then use narratives to explore how each space supports different co-exploration activ-
ities.
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Figure 5.4: A map illustrates three conceptual spaces, with people, materials, and interactions that occur in
these spaces marked.

Iterative Exploring vs. Linear Searching
Participants noted that co-exploration patterns still occur in remote settings, but less fre-
quently andwith different qualities (P1, P2, P4, P7, P8). In co-located environments, design
teams often engage in an iterative process. P7 described it as “trying to discover what the
actual problem is and solve it on the go.” In contrast, remote co-exploration tends to be
more linear and task-driven (P7). They noted, “It’s much more functional and focused on
the problem at hand.” This shift toward linearity was also reflected in their hesitation when
mapping the five patterns on the remote map, stating, “Maybe it is [co-exploring], but then
it’s like you propose a solution and the other one will say those solutions do or don’t work.
Instead of saying ‘OK, but we could also do this.’ ” P8 shared similar concerns, explaining
that “There’s much less of what people would call a creative atmosphere, where you have
the freedom to think around and build on the ideas of someone else.” Additionally, remote
collaboration often requires more time, yet stakeholders may not understand this added
effort. As a result, P8 said that they “definitely do less iteration” in remote settings.

The Impact of Lost Informal Social Interaction
Experts identified the loss of social interaction as a critical issue in remote settings. While
co-located teams benefit from spontaneous conversations, such as at the coffee machine,
in the corridor, or at someone’s desk, remote collaboration often confines communication
to formal meetings (P1, P2, P5). These informal moments are crucial for surfacing con-
cerns and maintaining team alignment. As P2 noted, “They know it [the design outcome]
is not good, but the interaction between them is so poor. If you are with people in one place.
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In the social interaction, you can say, OK, what are we gonna do? Are we gonna leave it like
that?” The absence of such informal moments can delay discussions of key issues, com-
promising outcomes or allowing crucial problems to go unaddressed until it’s too late. P7
reflected, “At some point, you say maybe this is good enough. If there weren’t such a pain
in communication, we would do something more.” Across all interviews, experts expressed
trying different approaches to adapt, but progress and team morale still slow down, as P1
put it: “It slows down the progress and can really slow down the mood.’

The Burden of Preparation for Remote Co-exploration
In co-located settings, co-exploration occurs naturally and is spreadmore evenly across the
design process. In contrast, remote collaboration often compressesmultiple co-exploration
activities into a single meeting. P1 attributed this to the accumulation of deferred issues,
requiring them to be addressed all at once. With limited information sharing between
meetings, participants arrive with prepared questions and insights, leading to an over-
loaded and often exhausting experience. P3 emphasized the huge preparation effort that
remote co-exploration demands. While sketches or mood boards (P6) can be shared in
real-time, other materials, such as 3D print files with assembly instructions (P1), or proto-
types (P5), must often be sent in advance to allow participants to review. P8 added that
maintaining engagement requires makingmeetings more interactive. P2 and P4 expressed
frustration that the time invested in preparation does not necessarily improve design qual-
ity. As P4 remarked, “Preparing presentations is time-consuming, and it doesn’t really help
you with the design process.”

Specific Challenges and Participants’ Ideas for Tackling Them
1) Meeting space
Themeeting spacewas frequently described as the primary setting for co-exploration. This
is also how experts began their ideation. As Figure 5.3 shows, P1 structures a meeting
scenario in the discovery phase. Their ideas clustered around three elements: people,
materials, and interactions.
- People:
As outlined in Section 5.2, insights emerge through individual preparation, group-based
techniques, or spontaneous contributions from knowledgeable participants. Experts noted
that in remote settings, the absence of proximity-based awareness makes individual prepa-
ration more important (P3, P4, P5). P3 shared experiences of constantly sending pictures
of their work to the group chat to ensure alignment. P5 described this as “preparing them
as members of the process,” highlighting the need to keep everyone aligned.
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- Materials:
Synchronizing and accessing shared materials proved challenging. 14 of 22 tool ideas in-
volved design artefacts. P8 suggested using identical kits inspired by theApollo 13mission,
where NASA engineers on Earth had to quickly build and test solutions using identical
materials to those available to astronauts in space [2]. Other suggestions included robotic
arms for remote clay modeling (P1) and using auditory cues to convey physical properties
like shape, color, and texture (P6). P2 emphasized continuity by proposing a portable kit
to preserve the state of whiteboards or post-its between sessions:“Then everyone enters the
room, and you say let’s start from where we were last time.”

- Interactions:
Interactions in the meeting space revolve around the dynamic between people-material
interactions and people-people interactions. Experts described the difficulty of balancing
the visibility of people and materials in video calls (P1, P3, P7). Co-located collaboration
enables richer non-verbal cues (P2) and sustained engagement (P1, P3, P5, P8), which are
difficult to replicate online. P2 lamented the lack of such subtleties in remote settings:
“You cannot see whether they are bored, or starting to yawn, or still listening, or they’re
on their phone while you’re presenting. It’s terrible.” To address these challenges, P3 and
P5 suggested incorporating regular breaks into remote co-exploration sessions to mitigate
Zoom fatigue [3]. P1 and P7 imagined AI-enhanced whiteboards that could generate quick
concept suggestions, as P7 explained, “You put your post-its there, and then it immediately
generates for you an example of what it could look like.” Another key aspect that participants
missed was spontaneous side conversations. P8 suggested using eye gaze to trigger brief
sidebar conversations, supporting the kind of informal interaction that often leads to new
insights.
2) Working space

Co-located working spaces facilitate spontaneous interactions that foster social connec-
tions and design awareness. Six experts (P1, P2, P3, P5, P6, P7) emphasized the value of
this shared space, and three experts (P2, P5, P7) proposed tools to address the lack of such
spaces in remote collaboration.
- People:
The absence of informal social remote environments made it harder to maintain awareness
of colleagues’ work (P1, P3, P5, P7), often leading to “cold starts” in meetings (P2). P3 used
WhatsApp to share updates asynchronously. P7, missing overheard conversations that
sparked co-exploration, envisioned a gaze-based tool to signal interest in spontaneous
discussion.
- Materials:
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The physical working space not only provides a place for people to gather but also holds
the tangible materials that inspire co-exploration. P6 criticized the sterility of digital envi-
ronments: “Designers need catalysts, as a designer, your environment is the catalyst, online
environment is too clean!” P5 proposed setting up a dedicated room with visual stimuli.
Referencing their office, they advised the author to print and hang materials: “It’s differ-
ent than having it on the screen.”

- Interactions:
P1 noted that many activities in co-located collaboration happen outside formal meetings.
P5 envisioned a shared virtual space where team members could meet regularly, just like
real-life office routines: “If we are not in the same location, I create a same location, everyone
is in the same virtual space.” Such informal meetups, they explained, might make collabo-
rators feel more comfortable sharing concerns or discussing mistakes — topics harder to
address in formal settings. P2 shared how casual encounters in offices allowed for easier
discussions of mistakes: “Massive amounts of these design engineers like memake something
that they know is not good. But the interaction between them and the higher management
and everybody is so poor […] If they are all together, then they can bring a piece of cake, like
‘Hey, I have a big cake for us, and I have bad news: I made a little mistake […] You don’t do
it with people on Teams.” During the ideation practice, P2 emphasized the need to design
remote experiences that feel “more human, more communicative.”

3) Project-specific space

Project-specific spaces serve as repositories for ongoing work, often found within both
working and meeting areas. These spaces—filled with uncleaned whiteboards, mind maps,
reference images, and prototypes—help teams revisit, refine, and continue their design
work. Five experts (P2, P3, P4, P6, P7) emphasized the value of this space, with four experts
(P2, P3, P6, P7) offering specific ideas.
- People:
Unlike the working space, which centers on individual tasks, the project-specific space
emphasizes team progress. P3 described their textile lab as a project-specific space where
teammembers could explore machinery, leading to new insights and a shared understand-
ing that advanced co-exploration.
- Materials:
P6 stressed the need to be physically surrounded by materials and proposed a shared dig-
ital table to synchronize drawings and annotations across locations. P7 similarly envi-
sioned a “shared remote desk” projecting 2D and 3D artifacts across collaborators’ spaces
to ensure accessibility and continuity.
- Interactions:
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P2 missed the large table in their previous workspace, which had encouraged spontaneous
discussions when people passed by. They envisioned a shared virtual meeting room that
would display project-related information, such as to-do lists and references, creating a
persistent project-specific context for all collaborators. P4 shared their positive experience
of setting up such a virtual space using Gravity Sketch, where they integrated research
images and pinboards for references, helping their team maintain focus and revisit key
project information.

Discussion
Through in-depth interviews with eight experts in design who are experienced in both
co-located and remote co-exploration, we gained valuable insights into the dynamics of
co-exploration across different settings. Our evaluation confirmed that co-exploration still
occurs in remote settings, although the execution and quality of co-exploration were neg-
atively impacted. These challenges prompted experts to propose concepts aimed at over-
coming the challenges of remote environments. We documented their ideas and rationales
in tables to provide a clear understanding of how to support remote co-exploration. In the
following discussion, we explore the evolving dynamics of co-exploration, operationalize
the design knowledge gathered, and reflect on the experts’ critiques and visions for new
technologies. Finally, we present an updated version of the co-exploration framework,
incorporating these insights.

Persistent Patterns and Changing Dynamics
Recent research during the COVID-19 pandemic highlighted that design teams felt co-
exploration was missing in remote collaborations due to inadequate tools for conveying
ideas [60]. While our study appears to contrast with these findings, as the experts we
interviewed recognized all five patterns of co-exploration in remote processes, our analysis
offers three explanations that build upon and extend prior research.

First, advancements in technology and shifting mindsets post-pandemic play an im-
portant role. Online meeting platforms like Teams and Zoom, along with online design
collaboration tools such asMiro [45] andGravity Sketch [53], have strengthened the infras-
tructure for remote design collaboration. Moreover, as remote work became widespread,
design teams adapted to these tools and workflows [38]. Thus, what was perceived as
heavily missing has potentially rebounded or transformed due to these advancements.

Second, social bonding remains a critical factor. Previous studies indicated that teams
without prior in-person interaction struggled with misunderstandings and dehumaniza-
tion during remote work. In contrast, the experts in our study had histories of in-person
collaboration or were able to meet regularly, building trust and understanding of each
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other’swork styles. These pre-existing bonds likely enabled smoother remote co-exploration,
as the foundation of rapport had already been established.

Third, there may be a shift in the nature or quality of co-exploration. P7 noted that
remote settings have reduced the creative atmosphere typical in co-located collaboration.
This concern underpins a shift from ‘design as exploration’ — an iterative exploratory pro-
cess where both the problem and solution are still taking shape [24]- to ‘design as search,’
a linear search process where design teams focus on solving well-defined problems [24].
This observation aligns with Brucks and Levav [6], who found that virtual interaction nar-
rows the cognitive scope and reduces creative idea generation. Similarly, Lin et al. [39]
found that remote collaboration is more often associated with late-stage technical execu-
tion, while co-located teams are more likely to engage in conceptual tasks such as idea
generation and framing research questions. These results suggest that remote collabora-
tion may inherently limit the conditions needed for rich, iterative co-exploration. While
experts have adapted co-exploration to remote contexts, the reduction of informal com-
munication has compressed spontaneous, iterative discussions into fewer, agenda-driven
meetings. This shift can constrain the exploratory nature of design. As for the quality
of co-exploration, although the five patterns continue to occur, the depth and breadth of
design exploration [17], described as vertical and lateral transformations in Goel’s theory
[20], have diminished. Thismeans that although the design process has not entirely shifted
to a linear problem-solving approach, teams seem to engage in less expansive exploration
compared to co-located collaboration. As a result, the richness of design outcomes has de-
creased, contributing to the perception that co-exploration is lacking in remote settings.

Our findings do not contradict the prior findings from Ye et al. [60] but rather provide
deeper insights into why design teams felt a loss in co-exploration during the pandemic.
The five patterns of co-exploration persist, but the experience and execution have trans-
formed, highlighting the need for continued adaptation and enhancement of design tools
to support the co-exploration.

Operationalizing the Design Knowledge when Designing Tools
Drawing on insights from our participants, we developed the “Designing Tools for Co-
exploration” (DTC) guideline, a structured table that organizes design knowledge into
spaces, themes, key aspects, considerations, and examples. The considerations are inten-
tionally phrased as questions rather than instructions, reflecting the fact that each remote
collaboration unfolds in its own context and addresses specific needs. For example, the
considerations for the key aspect of individual preparation include: “What information
should be prepared in advance?” and “How can this information be effectively shared?”
This approach aligns with how designers typically work, as they continuously reflect on
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what the design challenge is and how it might be addressed [12]. To support practical use,
the guideline includes examples drawn from both existing methods and expert-generated
ideas. These are not intended to prescribe solutions, but to stimulate thinking and offer
inspiration. Table 5.2 presents the first three columns of the guideline; the full version,
including all considerations and corresponding examples, is available in Appendix C.

The DTC guideline can be applied in two distinct ways. It serves both as a resource for
those designing tools to support remote co-exploration and as a reflective tool for teams
looking to improve their ongoing collaborative practices.

Designers creating collaboration tools, for instance, may want to reintroduce the kinds
of spontaneous interactions that typically spark cooperation across projects (Pattern 5:
seeking cooperation). In remote settings, informal encounters like hallway chats are of-
ten missing. The DTC can help identify ways to support such interactions virtually, by
pointing to aspects such as “Working space → People → Informal encounters” and “In-
teractions → Informal social interactions.” These entries can inspire features that enable
lightweight, impromptu exchanges between colleagues.

Teams already working together remotely can also use the DTC to assess and improve
how they collaborate. When a team feels stuck and chooses to revisit earlier designmateri-
als (Pattern 2: reflecting on existing materials), the DTC can help them evaluate whether
everyone is aware of the need for reflection—referencing “People → Contextual aware-
ness of the project’s status.” They might begin with a brief “Pre-meeting huddle” to align
expectations. To facilitate the session, theywould ensure easy access to relevant resources,
ensure materials are accessible by consulting “Materials → Material archives for future
reference,” and use guidance from “Interactions → Expressing and understanding com-
munication cues” to sustain a productive conversation.

Views on Recently Prominent Technologies
1) AR, VR, and MR
offer new possibilities for remote collaboration, particularly in training, social activities,
and virtual environments such as the Metaverse [44]. While experts explored these tech-
nologies through inspiration cards, half (P2, P3, P6, P8) were sceptical about their current
value for remote co-exploration.

Prior research suggests VR adoption evolves over time rather than being determined
by initial impressions [1]. However, P3, an experienced AR/VR user and researcher, re-
mained doubtful: “It’s a great area of research. For now, it doesn’t really solve anything.”
Younger designers, such as P8, echoed concerns, noting the distractions caused by the
novelty of VR, which often takes focus away from the design task. P2 further criticized
avatar-based communication for lacking natural expressions, emphasizing that physical
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Table 5.2: The first three columns of the DTC guideline

Theme People Key Aspects
Meeting space People - Contextual awareness of other individuals’ work-in-progress

- Contextual awareness of project’s status
- Individual preparation

Materials - Multi-fidelity prototypes
- Accessibility and synchronization
- Meeting continuity

Interactions - Group-based techniques
- Maintaining enthusiasm and engagement
- Expressing and understanding communication cues
- Facilitating side conversation
- AI-generated content

Working space People - Informal encounters
- Contextual awareness of individual’s work-in-progress
- Contextual awareness of project’s status

Materials - Ambient creative stimulus
Interactions - Informal social interactions

- Maintaining togetherness
- Pre-meeting huddle
- Expressing and understanding communication cues

Project-specific People - Contextual awareness of the project’s status
space Materials - Material archives for future reference

- Encouraging knowledge sharing
- Accessibility and synchronization

Interactions - Traces of interactions with materials

presence fosters trust and collaboration. These concerns highlight a key limitation of vir-
tual environments: the disconnect between digital representations and essential human
social cues [36].

Despite these concerns, we don’t dismiss the potential of AR, VR, andMR technologies.
Developments like Apple Vision Pro or Meta Quest 3 demonstrate that these tools are
evolving. As these technologies mature, they can become more intuitive and better suited
for co-exploration, especially when designed with a deeper understanding of designerly
activities and designers’ needs. Our study provides intermediate-level design knowledge
[27] that can guide the development of such tools.
2) AI-generated content (AIGC)

Generative AI, combined with large language models, is reshaping computer-aided design.
AIGC enables designers to quickly transform rough ideas into detailed visuals, which may
speed up feedback loops and lower the barrier to design ideation [29]. Studies also show
how tools like DALL-E and Midjourney help expand ideas and improve communication
in design workflows [34, 5].
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Experts in our study expressed optimism about AIGC’s role in remote co-exploration,
envisioning AI-generated content that enables designers to iterate more swiftly. However,
introducing highly detailed visuals early in the process raises concerns about ambiguity—
a critical factor for creativity [18]. Ambiguity, particularly during the early stages of di-
vergent thinking, helps generate a wide range of ideas before narrowing down options
through convergent thinking [55]. While AI-generated images can facilitate ideation, ex-
cessive detail may constrain creativity by limiting open-ended interpretations [41]. The
challenge, then, is balancing AIGC’s efficiency with the need for ambiguity to foster inno-
vation.

Despite these challenges, AIGC offers promising opportunities for human-AI collabo-
ration and certainly warrants further investigation and exploration. Based on its potential
and the insights from our study, we propose adding AIGC as an additional value to the
“diversity of insights” dimension in our analytical framework, providing new ways to en-
hance and expand idea generation.

Difference between educational and professional design practices

While we did not find noticeable differences between young and senior professional de-
signers in terms of the five co-exploration patterns, we did observe clear distinctions be-
tween professional designers and student teams from our earlier study. We received valu-
able feedback regarding the “people distribution” dimension. In our previous study within
an educational context, we observed student teams handing over ongoing tasks due to dif-
fering academic schedules. Despite these transitions, students continued working on the
same design challenge and perceived this process as co-exploration. However, none of
the experts in our current study reported experiencing co-exploration in this manner. P7
explicitly disagreed, arguing that such processes should be categorized as “iterative de-
sign” rather than co-exploration. We align with P7’s perspective and offer the following
explanation. In educational settings, co-exploration appeared to persist because of an ‘in-
formation carrier’ — a team member responsible for transferring key insights to others
and partially re-experiencing past discussions to maintain continuity. In professional de-
sign practice, however, this workflow does not exist; once a co-exploration has passed,
it remains in the past. Co-exploration requires active, simultaneous participation, and
team members who miss prior discussions must independently catch up before rejoining
the process. The absence of this workflow in expert interviews suggests it is unique to
educational contexts.
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Conclusion
This study offers new insights and practical guidance for supporting co-exploration in
remote design collaboration, articulated through three key contributions.

First, the study advances understanding of co-exploration by examining how five pre-
viously identified patterns, originally observed in educational settings, manifest in pro-
fessional practice. Interviews with eight experienced designers show that while these
patterns persist, their dynamics shift in remote settings. Iterative practices are perceived
as more linear and goal-driven, with teams facing reduced spontaneity and depth in co-
exploration.

Second, it introduces the Designing Tools for Co-exploration (DTC) guideline, which
translates expert insights into intermediate-level design knowledge. Organized into themes,
aspects, considerations, and examples, the DTC offers actionable guidance for tool devel-
opers and serves as a reflective aid for design teams.

Third, it takes a holistic view of remote co-exploration by integrating social interac-
tion, material engagement, and collaborative dynamics. This comprehensive perspective
emphasizes the need to support the full complexity of remote design collaboration.

Together, these three contributions provide both conceptual depth and practical direc-
tion for improving remote design collaboration.
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appendix
Study Materials: Inspiration Cards

Table 5.3: List of All Created Inspiration Cards

Cards Categories Name of the cards
Technology Cards Multi-fidelity prototypes Sketches

Cardboard modeling
3D view
3D printing
Laser cutting
Digital prototyping
Physical prototyping
Material testing
Evaluating

Social cues Hand gestures
Pointing
Eye gaze
Annotations
Robotic devices

Providing different use of spaces Meeting space
Working space
Project-specific space
Display
Projector
Smart devices
2D video stream
Video camera
Virtual reality
Augmented reality
Mixed reality
360 panoramas

Encouraging creative social practices Brainstorming
Role playing
Co-reflection

Domain Cards Five patterns of co-exploration Merging different insights
Reflecting on existing materials
Refining initial concepts
Generating more ideas
Seeking cooperation
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Results: Maps of identified themes, key aspects, and their relations
between them

Figure 5.5: Maps of themes, key aspects, and their intertwined relationships
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Designing Tools for Co-exploration (DTC) guideline

Table 5.4: DTC guideline - Meeting Space

Theme Key aspects Considerations Examples
People Contextual aware-

ness of other individu-
als’ work-in-progress

- How can collaborators be
aware of the individual’s work-
in-progress?

- Improving the awareness from
shared working space, e.g., Port-
holes[13]
- Creating logs for sharing each
other’s work-in-progress (P3)
- Stand-up meetings, sprints[54]
- ...

Contextual aware-
ness of the project’s
status

- How can collaborators be
aware of the project’s status?
- How does it relate to the indi-
vidual’s work-in-progress?

- Improving the project-specific
space for information sharing
- Stand-up meetings, sprints[54]
- ...

Individual prepara-
tion

- What information should be
prepared in advance?
- How can this information be
effectively shared?

- Cloud-based file sharing, e.g.,
iCloud, Google Drive, etc.
- Fast shipment
- Rapid prototyping
- ...

Materials Multi-fidelity proto-
types

- What prototypes (e.g.,
sketches, paper models, CAD
models, hi-fi prototypes) are
needed for this co-exploration
activity?
- What design elements (e.g.,
shape, scale, weight, texture,
mechanisms, interactions)
need to be explored?

- Rapid prototyping
- Synchronized tool kit (P8)
- Sound effects for representing cer-
tain design elements (P6)
- ...

Accessibility and syn-
chronization

- How can all collaborators ac-
cess materials?
- How can prototypes be edited
in real-time by all collabora-
tors?

- Robotic arms do prototype shap-
ing (P1)
- Shared virtual space for design
activities, e.g., Gravity Sketch[53],
MIRIA[7]
- ...
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Table 5.5: DTC guideline - Meeting Space

Theme Key aspects Considerations Examples
Interactions Group-based tech-

niques
- What group-based design
techniques are suitable for re-
mote settings?
- How can these techniques be
effectively set up and facili-
tated?
- How can breaks and individ-
ual work sessions be planned
within these group-based ac-
tivities?
- What methods can be used
to document and share the out-
comes of group-based activi-
ties?

- Shared whiteboard, e.g., Miro
- DigitalDesk [59], MIRIA [7]
- Using AI to summarize the meet-
ing content (P1)
- ...

Maintaining enthusi-
asm and engagement

- How to mitigate the Zoom fa-
tigue?
- How to make online co-
exploration activities more in-
teractive?

- Regular breaks (P3, P5)
- Providing features for giving var-
ious types of feedback, e.g., reac-
tions in Miro, Zoom polls, etc.
- ...

Expressing and under-
standing the commu-
nication cues

- What are the appropriate
communication cues (eye gaze,
hand gestures, annotations,
etc.) for different contexts?
- How to express these com-
munication cues remotely?

- Better visibility of body language
and facial expressions, e.g., Col-
laboVR [25] and BeHere [58]
- Avatars with real-time expression
tracking, e.g., Apple Vision Pro
- ...

Facilitating side con-
versation

- How can collaborators initi-
ate side conversations during
remote meetings?
- How can these side talks be
supported?

- Eye gaze for triggering the func-
tion of side conversation (P8)
- Breakout rooms
- ...

AI-generated content - How can AI tools assist in
generating content to prompt
further co-exploration activi-
ties?
- How can AI be integrated into
existing workflows without
disrupting the co-exploration
process?

- Real-time AI-generated images
for visualizing ideas during co-
exploration (P8)
- ...
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Table 5.6: DTC guideline - Working Space

Theme Key aspects Considerations Examples
People Informal Encounters - How can tools support un-

planned, spontaneous conver-
sations in away thatmimics in-
formal encounters in physical
working environments?

- Programmed meetups (P5)
- In-situ information visualiza-
tions[56, 46]
- ...

Contextual aware-
ness of an individual’s
work-in-progress

- How can collaborators be
aware of the individual’s work-
in-progress?
From where, through what,
when?

- Creating logs for sharing each
other’s work-in-progress (P3)
Portholes[13]
- Using eye gaze to ‘zoom in’ to oth-
ers’ individual space (P7)
- ...

Materials Ambient creative
stimulus

- How can we transform the in-
spiring surroundings of a phys-
ical design studio into a remote
setting?

- Shared project-specific space
- ...

Interactions Informal social inter-
actions

- How can collaborators indi-
cate that they are open to infor-
mal interactions?

- In-situ information visualiza-
tions[56, 46]
- ...

Maintaining together-
ness

- What activities or routines
can build a sense of togeth-
erness, preventing collabora-
tors from feeling isolatedwhile
working remotely?

- Stand-up meetings, sprints[54]
- Programmed meetups (P5)
- Informal communication before
and after formal meetings[28]
- ...

Pre-meeting huddle - How can pre-meeting dis-
cussions be organized to pave
the way for addressing difficult
problems?

- Creating opportunities for infor-
mal social interactions (P1, P5)
- ...

expressing and under-
standing communica-
tion cues

- What are the appropriate
communication cues (eye gaze,
hand gestures, annotations,
etc.) during interactions?
- How to express these com-
munication cues remotely?

- Better visibility of body language
and facial expressions, e.g., Cisco
TelePresence or Microsoft Surface
Hub
- Avatars with real-time expression
tracking, e.g., Apple Vision Pro
- ...



5

170 5 GUIDELINES FOR IMPROVING REMOTE CO-EXPLORATION

Table 5.7: DTC guideline - Project-specific space

Theme Key aspects Considerations Examples
People Contextual aware-

ness of the project’s
status

- What indicators (e.g.,
progress bars, task status
updates, milestone markers)
could be included to give
collaborators instant context
about the project’s progress?

- Dashboard presenting crucial in-
dicators, e.g., Monday[47]
- Summaries from the work logs
(P3)
- ...

Encouraging knowl-
edge sharing

- How to motivate team mem-
bers to actively share their
work-in-progress?

- Easy accessibility
Focus on mastery rather than per-
formance[32]
- ...

Materials Material archives for
future reference

- How and where can collab-
orators store materials for fu-
ture reference?
- How can these materials be
presentedwithin their range of
vision?

- Shared desk/display for project-
related materials (P6, P7)
- ...

Accessibility and syn-
chronization

- How can the materials and
annotations in this space be
synchronized across all collab-
orators?

- Scanning and projecting (P7)
- ...

Interactions Traces of interactions
with materials

- How can collaborators know
and view interactions related
to materials?

- Video recording
- Logs of all changes
- ...
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5.3 Reflection
This chapter presents the study conducted to bridge the gap between the foundational
theory developed in the previous chapter and the reality of professional design practice.
After identifying the five patterns of co-exploration, I aimed to understand their relevance
in a professional context and explore how they could be actively supported, especially in
remote settings. My goal was to move from description to action, using the five patterns
as a lens to generate practical, intermediate-level knowledge for the field.

Empirically, the interviews suggest that the five patterns of co-exploration persist in
remote settings, but the quality of the process degrades: Designwork becomesmore linear,
spontaneity is lost, and the social interaction thins out. This aligns with the earlier study’s
insight that supporting co-exploration is less about prescribing activities and more about
shaping enabling conditions. The follow-up ideation session leveraged expert experience
to articulate such conditions for remote contexts.

Reflecting on the study’s methodology, it is important to consider the trade-offs of key
choices. The decision to ground the expert interviews in the five predefined patterns was
effective in providing a shared language, allowing us to dive deep into the topic quickly.
However, this choice also risked confirmation bias. By presenting the patterns upfront, I
may have inadvertently constrained the experts from identifying entirely new forms of
co-exploration unique to professional practice.

Similarly, the use of Inspiration Cards for the ideation phase was instrumental in gen-
erating the concrete ideas that form the basis of the DTC guideline. This approach is
powerful for prompting solutions grounded in current practice and technology. How-
ever, it may be less suited for more futuristic envisioning. A different method, perhaps a
more open-ended speculative design workshop, might have pushed the experts to imag-
ine futures less constrained by today’s tools, potentially leading to more transformative,
long-term design concepts.

It is also important to clarify the intended role and scope of the DTC guideline. By or-
ganizing aspects and considerations that may shape co-exploration in remote settings, the
guideline is best understood as a synthesized set of expert-informed hypotheses and design
prompts rather than as a validated, universally applicable recipe for practice. It aims to
encourage designers and researchers to think critically about how to enable designerly ac-
tivities in remote collaboration and to serve as a starting point for further empirical work.
This study did not evaluate the guideline through practical implementation or systematic
testing. Its evidence base is drawn mainly from student teams in educational settings,
complemented by a small sample of professionals. Future research should therefore ex-
amine which elements of the guideline transfer across different professional contexts and
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which remain education-specific. Subsequent studies should implement selected aspects
in practice and assess their impact on remote design collaboration.
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Chapter 6 brings the thesis to a close by synthesizing what was learned and where it leads
next. I first address the research questions, summarizing findings across the studies. I
then discuss the contributions by defining co-exploration, relating it to core and trans-
disciplinary design teams, and distilling these insights into the DTC guideline for remote
practice. Next, I detail the limitations of thework and outline directions for future research
and practice. Finally, I offer closing reflections on my PhD journey, tracing how my un-
derstanding evolved from seeking a tool-based solution to recognizing co-exploration as
an emergent phenomenon requiring holistic support. This growth not only shaped my
research approach but also marked my development as a design researcher.

6.1 Answers to the Research Questions
How can we better support remote design collaboration? This question guided a multi-
stage inquiry that began with remote prototyping and evolved into a deeper investigation
of co-exploration - a critical but underdefined aspect of design collaboration. In this the-
sis, I identified co-exploration as an emergent, situated experience in collaborative design
processes and developed the Designing Tools for Co-exploration (DTC) guideline, which
provides intermediate-level design knowledge to guide tool creation and help design teams
strengthen their collaborative practices.

Below, I summarize how each research question was addressed in the dissertation.

Research Question 1: How do designers envision future tools that could better
support the remote collaborative prototyping processes?

This question was addressed in Chapter 2 through a qualitative co-sketching study with
both student and professional designers. A central issue that emerged was the difficulty of
experiencing the prototyping process together, such as how prototypes were constructed,
how others interacted with them, and how certain design decisions were made. Designers
envisioned future tools that would:

• Establish standardized prototyping environments through shared libraries and plat-
forms.
Standardized prototyping environments were considered essential for establishing
a shared design language across distributed teams. Designers described two types
of standardization. The first is a shared library, where team members use the same
basic shapes or prototyping kits to communicate more clearly about form, material,
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and context. The second is a shared platform, which could be either a virtual collabo-
ration space or a duplicated physical environment across locations. These platforms
would ensure that collaborators work in the same environments, helping align their
activities and references.

• Support shared making and interaction experiences to enhance understanding of
decisions and intentions.
Shared experienceswerementioned as important formaking design intentions, think-
ing processes, and unspoken reasoning more accessible. Designers noted that with-
out a shared understanding of each other’s decisions and processes, collaboration
suffers. The tools they envisioned supported both sharedmaking experiences, where
team members can see and understand how others build or modify prototypes, and
shared interaction experiences, where they can observe how others engage with
prototypes.

• Improve documentation and version control to aid collaborative reflection.
A need for improvements in documentation and version control was mentioned by a
smaller group of participants. These features were intended to support collaborative
reflection and track changes over time.

Two technological directions appeared frequently in the envisioned tools. Mixed real-
ity (MR) was described as a way to merge physical and virtual spaces, allowing distributed
designers to feel co-present while interacting with shared prototypes. Robotic systems
were imagined as proxies that replicate a collaborator’s actions, such as turning a model,
shaping a material, or writing on a whiteboard in real-time, making remote actions visible
and tangible to others.

In sum, the envisioned tools reveal an underlying desire to reconstruct the experiential
and communicative richness of co-located prototyping within remote settings.

Research Question 2: What difficulties arose in remote design collaboration under
constrained circumstances, and how did designers respond?

COVID-19 abruptly disrupted design collaboration, pushing teams into fully remote se-
tups without time to prepare or adapt. Participants across both student and professional
contexts described how this shift negatively impacted the practices of building shared un-
derstanding, engaging with physical prototypes, and collaborating during the prototyping
processes.
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Two difficulties included:

• A loss of “co-exploration” during prototyping processes.
Participants described this as a set of designerly activities during the prototyping
processes, involving exploring ideas collaboratively, building upon each other’s ideas,
and developing shared understanding through working with prototypes together.
This aspect of collaboration was significantly diminished in remote settings. One
key reason was the lack of appropriate tools for making and interacting with phys-
ical prototypes, which made it difficult to demonstrate interactions or iterate to-
gether on design ideas.

• Increased uncertainty about shared understanding and intention.
Participants found it difficult to know whether others truly grasped their ideas or
intentions. This uncertainty was especially pronounced when discussing detailed
interactions with prototypes, but it also surfaced more broadly throughout the col-
laboration. It sometimes led to misunderstandings or even tension, with team mem-
bers misinterpreting confusion as a lack of capability or commitment.

To work around these limitations, teams experimented with various strategies. Some
used sketches and gestures on camera, while others grabbed whatever tangible objects
they could find in their surroundings, cups, books, or headphones, and used them as
props to mimic design features and simulate interactions. In more complex cases, par-
ticipants created short videos or animations to illustrate proposed behaviors. Many teams
also shifted toward individual exploration, dividing tasks and working separately before
regrouping to present results. While teams tried their best to stay engaged and convey
ideas, many participants felt that the sense of jointly engaging in design tasks was dimin-
ished. The depth of co-exploration they had experienced in co-located settings remained
difficult to recreate remotely.

Participants repeatedly emphasized the irreplaceable value of physical presence in
overcoming these issues. Even brief in-person meetings could dramatically improve com-
munication and trust. One team only began collaborating effectively after meeting face-
to-face, despite having worked remotely for months across a ten-hour time difference. An-
other (professional) designer noted that even after decades of remote collaboration, their
team still relied on the “parking lot meetings” prior to a client presentation to review and
refine prototypes together.

Therefore, the answer to RQ2 is: the main difficulties were the loss of co-exploration
and shared understanding during remote prototyping. Despite designers improvising var-
ious workarounds, these adaptations only partially addressed the challenges and high-
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lighted the lack of appropriate tools to support the depth of collaboration experienced in
co-located environments.

Research Question 3: What are the current strategies and limitations of existing
tools for supporting remote prototyping?

This question was addressed in Chapter 3 through a systematic literature review of 50
peer-reviewed studies focused on prototypes and prototyping processes in remote design
collaboration.

The review surfaced two distinct approaches to the design of remote prototyping tools.
The first approach supports the individual prototyping process, with a focus on acceler-

ating iteration and synchronizing physical and digital prototypes. Tools in this category of-
ten help designers quickly create, modify, and transfer prototypes between environments.
Some also enable updates to be passed between physical and virtual models, supporting
measurements, adjustments, or the reuse of components. However, this approach often
neglects the collaborative dimensions of prototyping. Viewing the latest version of a pro-
totype does not always help team members understand what changed, why it changed, or
what remains to be addressed. These tools typically support solo work and asynchronous
feedback, which limits opportunities for shared ideation, discussion, and reflection.

The second approach supports remote collaboration on physical tasks, typically by
enabling distributed teams to interact in shared virtual environments through gestures,
video, pointers, or augmented and virtual reality. These tools aim to replicate on-site
collaboration by providing remote visibility into another person’s space or activity. Al-
though they often promise full immersion—seeing what the other person sees, doing what
the other does—they frequently result in unbalanced roles. In many cases, the collabora-
tion supported by this type of approach is structured as a one-directional helping scenario,
with one participant providing instructions while the other executes them. This imbalance
is reinforced by the unequal distribution of tools. The person predefined as the “expert”
or “helper” might have access to technologies such as AR, VR, or gesture tracking, while
the “executor” or “novice” may be equipped with a head-mounted camera and display, al-
lowing them to stream their actions and receive instructions from the other party. Such
setups limit the potential for “parallel experience,” in which both collaborators are actively
engaged with prototypes and contribute equally to the direction of the design.

Taken together, the review revealed that current tools focus either on individual work-
flows or on the coordination of physical tasks, but rarely support mutual, bi-directional
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engagement where collaborators actively explore and shape ideas together. This high-
lights that future efforts should explore how to bring these directions together, enabling
each collaborator to work with digital and physical prototypes, while also allowing others
to access and engage with those actions from a shared rather than a guiding position.

Research Question 4: What is co-exploration in collaborative design, and how can
we characterize its mechanisms and value?

This question was addressed in Chapter 4 through a five-month longitudinal study in-
volving 61 students across 16 design teams. Through weekly diary-interviews and a final
co-reflection session, I examined how design students engaged in co-exploration during
collaborative projects.

An important realization emerged during the study: co-exploration is not a specific
type of activity, but an experience that occurs within activities under certain conditions.
While 1,562 design activities were documented, only 220 were identified by participants
as co-exploration. Many of these activities were similar in form, but not all were experi-
enced as co-exploration. This suggests that co-exploration is shaped not by what the team
is doing, but by how they engage with one another during the activity. To understand and
describe this experience more precisely, I developed a four-dimensional analytical frame-
work that captures co-exploration across two stages: before and during the activity. The
framework includes:

• Information distribution: whether knowledge was shared in advance (synchronous),
emerged through contextual awareness, or remained unshared (asynchronous).

• Diversity of insights: how contributions were formed, such as through individual
preparation, group-based techniques, or reliance on existing knowledge.

• Communication types: how collaborators interacted during the activity, including
combining insights, jointly refining ideas, refining one person’s idea together, or
generating new ideas.

• People distribution: the configuration of participation, whether physically co-present,
hybrid, or entirely remote.

Using this framework, I identified five patterns of co-exploration: merging different
insights, reflecting on existing materials, refining initial concepts, generating more ideas,
and seeking cooperation. These patterns occurred across different stages of the design
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process. This challenges a common but rarely questioned assumption: in design, explo-
ration is a familiar and frequently used concept. Designers speak of exploring ideas, design
spaces, and possibilities, often linked to the early stages of the process. Because of this fa-
miliarity, it is easy to assume that co-exploration simply means exploring together during
the early, divergent phase. However, the findings of this study show that co-exploration
is not limited to early ideation. It also plays a crucial role in later stages such as reflec-
tion, refinement, convergence, and even coordination across projects. This expanded view
positions co-exploration as a multifaceted experience that supports different phases of col-
laboration throughout the entire design process.

The study also revealed that co-exploration is often associated with a sense of togeth-
erness. Most co-exploration activities occurred when teams were physically present, but
some also emerged in online or hybrid settings. These remote cases are typically built
on earlier in-person interactions, suggesting that shared history or habitual communal
experiences can sustain co-exploration even across distance. Still, remote collaboration
often made it harder to share the experience. Participants felt less involved or struggled
to follow the co-exploration activities due to known barriers such as reduced expressivity
and limited shared awareness in online settings.

This sense of togetherness appears to support the emergence of collective intelligence
within design teams. When designers are attuned to each other, listening, responding,
and building on one another’s ideas, they generate outcomes no individual could achieve
alone. This also explains a finding from my earlier study: when co-exploration was miss-
ing in remote settings, teams often tried to compensate by assigning more individual tasks
or extending group discussions. These efforts, however, did not bring back the depth of
collaboration they had experienced before. The value of co-exploration lies not in accumu-
lating more individual input but in the collective shaping of thoughts and ideas through
real-time engagement.

Given that co-exploration emerges through the ways in which teams engage with one
another, it may offer a useful lens for evaluating the overall quality and health of collab-
orative design work. This perspective is supported by the quantitative findings. Thriv-
ing teams engaged in co-exploration more frequently and exhibited a greater diversity of
co-exploration patterns compared to struggling teams. At the same time, the quantitative
analysis showed that co-exploration was a common experience across both bachelor’s and
master’s teams, suggesting that it is not exclusive to more experienced designers. How-
ever, like co-creation, its depth and quality depend on many factors. Even capable design
teams may find that the quality of a co-creation session depends on their collective en-
ergy, interest in the topic, team dynamics, and communication. Similarly, co-exploration
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may take place in many teams, but how it is experienced and what it contributes can vary
widely. Co-exploration can happen, but whether it unfolds in a meaningful way depends
on the surrounding conditions. Recognizing this, I argue that designers and educators
should pay more attention to co-exploration, not as a fixed step in the process, but as an
evolving experience that can be nurtured. Reflecting on how co-exploration unfolds and
identifying ways to support or enhance it can strengthen collaboration and lead to more
meaningful outcomes.

Research Question 5: How to support co-exploration during remote design collab-
oration?

This question was addressed in Chapter 5 through a combination of expert interviews
and a speculative design workshop with eight experienced designers. Drawing from their
input and my own synthesis of themes and patterns across the data, I developed the De-
signing Tools for Co-exploration (DTC) guideline, a structured set of considerations aimed
at informing future tool design and collaborative practices.

At its core, the DTC guideline emphasizes that remote co-exploration is shaped by the
interplay of people, materials, and interactions across three interrelated conceptual spaces:
meeting space, working space, and project-specific space. The guideline offers a holistic
view of the conditions that allow it to emerge and thrive throughout the collaboration
process.

In meeting spaces, where most formal sessions occur, co-exploration is often com-
pressed into single online meetings, resulting in cognitive overload, high preparation de-
mands, and reduced engagement. To address these challenges, the DTC guideline offers
considerations related to individual preparation, shared awareness of project status, group
activities, and the use of prototypes at different levels of fidelity. It also offers ways to sus-
tain engagement, enable spontaneous side conversations, and ensure continuity across
meetings. More importantly, the guideline recognizes that people, materials, and their
interactions are not confined to the meeting space. These three elements flow across all
three conceptual spaces. Keeping team members informed about progress does not have
to rely solely on meetings. Instead, some of this can be supported through informal com-
munication and awareness-building in the working space or the project-specific space. By
distributing the conditions for co-exploration more evenly, remote meetings are no longer
burdened as the only place where collaboration must happen.

The working space plays a key role in fostering informal interaction and shared aware-
ness. In co-located collaboration, team members casually observe each other’s work, en-
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gage in spontaneous conversations, and share quick updates. In remote collaboration,
these interactions are often absent, leading to disconnection and isolation. The DTC
guideline responds by encouraging practices such as sharing work-in-progress, posting
asynchronous updates, and signaling availability for impromptu conversations. It also
emphasizes the importance of visual and spatial stimulation in digital environments. For
example, teams are encouraged to design shared digital workspaces that recreate elements
of co-located settings by displaying design artefacts, reference materials, and visual cues,
helping to sustain creativity and spark ideas outside of formal meetings.

Project-specific spaces, which exist across both meetings and working contexts, serve
as repositories of evolving ideas, artefacts, and decisions. Digital environments can sup-
port co-exploration by enabling persistent access to shared resources and traces of team
members’ interactions. While both digital and physical spaces have strengths and limita-
tions in retaining history, the guideline emphasizes the importance of actively designing
for traceability, such as maintaining accessible archives or embedding lightweight records
of ongoing work, to support continuity and collective memory.

By integrating these considerations, the DTC guideline bridges the technical and social
dimensions of remote collaboration. It recognizes that while tools matter, co-exploration
also depends on mindset, awareness, and the quality of interaction.

6.2 Discussion of Contributions
This dissertation set out to improve remote design collaboration and, more specifically,
to define and support co-exploration—a phenomenon that was critical yet underdefined
within remote collaborative design processes. Co-exploration builds on longstanding views
of design as exploration [62, 35], and problem–solution co-evolution [19] where designers it-
eratively reframe the problems while generating and testing design solutions rather than
proceeding linearly from brief to answer. Team-level studies show that design activity
involves frequent shifts between problem-focused and solution-focused work, revealing
rich co-evolution patterns [106]. However, these models are grounded almost entirely
in co-located teams [10, 65, 106]. At the same time, comparative research on co-located
versus remote design work indicates that remote teams undertake less problem space ex-
ploration and converge earlier on solutions [34, 23]. Thus, while the concept is recognized,
the term “co-exploration” is rarely used and lacks a clear definition in the literature. Hav-
ing addressed the research questions across multiple studies, here I bring together three
themes that emerged through the work that structure this final discussion: 1) how the
mode of teamwork in design is shifting toward more remote, transdisciplinary collabora-
tion; 2) what collaborative design depends on beyond interaction and communication, and
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what is changedwhenworkmoves online; 3) what conditions make remote co-exploration
possible again, and how these conditions can be designed for rather than hoped for.

Over the past several decades, the way of design practice has transformed. Once cen-
tered on the talented lone designer, practice has progressively shifted to collaboration
among design specialists (e.g., product, engineering, aesthetics, graphics, UX), then ex-
panded into transdisciplinary collaboration involving a wider range of specialists (mar-
keting, software, manufacturing, finance, logistics), and now increasingly takes place re-
motely with team members across the design process [82, 30, 29]. This evolution reflects
the rise of complex, interdependent problems that demand diverse expertise and the inte-
gration of knowledge across domains. Teams bring together people with different back-
grounds and ways of thinking, and this does not replace traditional designerly skills, but
it requires additional competencies and a “prepared‑for‑action” stance [89]: collaborators
immerse themselves in the situation and adopt the knowledge and methods that fit the
context so joint work can move forward.

Across the COVID‑era interviews (Chapter 2) and the expert workshop (Chapter 5),
a consistent pattern emerged: location‑distributed, highly specialized teams frequently
default to exclusive collaboration ¹, i.e., individuals explore independently and only later
integrate, relying heavily on digital mediation. In such settings, the embodied and social
cues that previously sustained shared understanding and distributed cognition are dimin-
ished [74, 5]. While exclusive, asynchronous workflows can be efficient, research suggests
this efficiency comes at a cost: remote design teams spend more time yet discuss fewer
topics [34]; remote teams are less likely to engage in the conceptual, tacit‑knowledge work
that yields breakthrough discoveries [57]; and virtual communication narrows cognitive
focus, reducing the generation of creative ideas [8]. In line with this, my research indi-
cates that experts who increasingly experience exclusive, mediated collaboration report
fewer opportunities for real‑time co‑exploration. According to Kvan, such exclusive col-
laboration is loosely coupled, which tends toward cooperation rather than collaboration,
because people do not jointly engage the same problem or artifact [50]. Given the ongoing
shift toward remote collaborative and often transdisciplinary teams, and the correspond-
ing reduction but continued need for co-exploration, the implication is that we should
deliberately support the conditions under which co-exploration can re-emerge in remote
settings, rather than only replicating co-located environments or enabling remote help.

Chapter 1 framed design collaboration as interaction and communication, drawing on
research that has put them at the center of collaborative design analysis [11, 86, 63]. The
evidence across the thesis suggests this is necessary but not sufficient. Design collabo-
¹Three distinct modes of design collaboration are discussed in the Introduction chapter (Chapter 1): mutual,
exclusive, and dictator collaboration.
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ration is an embodied, situated process in which cognition is not confined to individual
minds but emerges through the coupling of brain, body, artefacts, and the social environ-
ment [37]. In this perspective, thinking in design teams is inseparable from physical action,
material engagement, and social interaction [64, 94], and when the physical settings of col-
laboration are removed, the embodied coupling that supports shared sense‑making often
disappears with it [93, 108]. Contemporary tools reflect this problem. Some tools aim to
restore social/embodied cues (e.g., gestures, avatars, proxemics) [99], others reintroduce
material manipulability at a distance (e.g., tangible proxies, robotic surrogates) [24, 81],
and others address peripheral awareness of colleagues’ work across distance [20, 66]. As
discussed in Chapter 3, rather than focusing solely on the question “How can we do the
same thing remotely?”, we should also ask, “What is needed when we are no longer phys-
ically together?” My answer is to treat awareness and embodied cognition together when
supporting remote design collaboration. Awareness, knowing who is present, what others
are doing, and the state of shared artefacts, is not just background information but part of
the embodied cognition that enables shared sensemaking, prediction, and decision-making
[43, 33, 45].

The Designing Tools for Co-exploration (DTC) guideline takes this as its goal. It
provides a three‑space view (meeting, working, project‑specific), making explicit where
awareness, materials, and histories sit and how they carry over; remote frictions (com-
pressed meetings, reduced iteration, heavy preparation, thinner creative atmosphere) are
named as design targets rather than background noise; informal sociality, assumed in
studios, is treated as something to scaffold intentionally (e.g., lightweight cues, side con-
versations, casual shared rooms). In addition, it recognizes that artefacts act as anchors
and traces to sustain participatory sensemaking and distributed cognition [42]. In doing
so, DTC does not propose a single tool; it provides a guideline for assembling sets of tools
and environments, translating related insights into actionable design knowledge for co-
exploration at a distance.

Finally, how to read co‑exploration going forward. This thesis adopts design as explo-
ration [35]: unlike design as search, which assumes well-defined problems and clear so-
lutions [35], it embraces uncertainty and creativity through iterative processes in which
problems and the solutions co-evolve. Across the studies, I unfolded, defined, and sup-
ported co‑exploration as a specific collaborative experience within that broader frame
(Chapter 4). Within collaborative design, exploration and co-exploration are related but
not the same. Exploration can be pursued individually, while co-exploration is a shared,
emergent experience that goes beyond aggregating individual ideas to build collective in-
telligence. Both individual exploration and co-exploration are essential to co-evolution
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[60, 19] in collaborative work. They are complementary, both in asynchronous and spe-
cialized workflows. Yet co-exploration is currently undersupported. I therefore argue
for deliberately cultivating practices, tools, and environments that reopen windows for
co-exploration within remote collaborative design processes, and urge both collaborating
designers and the designers of collaborative design tools to give it explicit attention.

I argue to have done so in three ways: first, by turning co-exploration from a vague
concept into a defined, design relevant phenomenonwe can design for: a shared and emer-
gent experience that can be recognized and analyzed; second, by reframing support for
remote collaboration away from replication of co-located environment and toward shap-
ing the conditions under which co-exploration could emerge naturally; and third, by pro-
viding intermediate-level knowledge [39] that translates research insights into concrete
design considerations [95]. In remote design teams, co-exploration is the glue that holds
exploratory work together, keeping collaboration smooth and the team energy healthy.
While this dissertation centers on remote design collaboration within the close-coupled
design teams, its emphasis on co‑exploration aligns with and could extend to broader
developments in transdisciplinary collaboration. Traditional design skills still matter, but
they increasingly need to be complemented by participatory competencies that help teams
surface, align, and integrate diverse perspectives [82, 97].

Collaboration in transdisciplinary teams benefits from a mindset rather than a fixed
method—what Mejía et al. describe as “a set of mental dispositions”. In practical terms,
this means accepting ambiguity instead of rushing to closure; prioritizing expression, con-
versation, visualization, and materialization over early polish; balancing evidence with
imagination so that data informs but does not dictate; learning from stakeholders rather
than teaching them; and moving back and forth between analysis, making, and reflec-
tion instead of following a single prescribed sequence [67]. Co‑exploration can be under-
stood as the team‑level practice that puts this mindset into motion. Embracing ambigu-
ity (instead of pushing for early closure) is the “open‑minded” feature of co‑exploration
in action. This is enacted through the “diversity of insights” dimension (see analytical
framework of co-exploration, Chapter 4), where differing assumptions, methods, and ap-
proaches are brought forward and deliberately kept alive. A focus on expression over
polished aesthetics aligns with what experts shared in my final interviews on supporting
co-exploration. As one put it: “Draw it for me. Showme.” During co-exploration, the goal
is to make ideas visible so people can understand each other, rather than refining how the
ideas look. Balancing evidence with imagination and learning from stakeholders aligns
with co-exploration’s “communication types” (see analytical framework of co-exploration,
Chapter 4). Instead of converging too quickly on one person’s idea or evidence, teams also
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refine and diverge: more voices are heard, more options are explored, so multiple experts
can contribute, and the final option balances insights from across fields. Moving iteratively
between analysis, making, and reflection is what co-exploration looks like in practice. The
five patterns (Merging Different Insights, Reflecting on Existing Materials, Refining Initial
Concepts, GeneratingMore Ideas, and Seeking Cooperation) recur throughout the process,
fostering togetherness and enabling collective intelligence. This is how teams produce out-
comes that no individual could achieve alone, which is exactly what healthy collaboration
aims for.

Seen this way, co-exploration is not an add-on to collaboration; it is the everyday
mechanism by which a design mindset becomes shared practice. It converts “mental dis-
positions” into action, so that individual exploration doesn’t drift off but accumulates into
collective advancement. This also explains why co-exploration is easy to neglect in remote
settings: presentations, hand-offs, and tool constraints tend to prioritize polished deliver-
ables and individual ownership. When that happens, ambiguity is closed too early, and
artefacts for thinking with during the prototyping process are treated as evidence rather
than as thinking tools. The practical implication is clear. If teams and toolmakers want re-
mote collaboration to be genuinely exploratory, they must create conditions under which
co-exploration can emerge.

6.3 Limitations and Future Work
While each chapter and publication in this dissertation includes a reflection on its specific
limitations, this section takes a broader view by addressing the overall limitations of this
dissertation. From this wider perspective, I will also discuss several directions for future
research.

First, the empirical evidence in this dissertation is drawn primarily from student teams
in educational settings and only to a limited extent from practicing professionals. Many
studies relied on design students based in the Netherlands. This brings certain advantages,
such as participants’ familiarity with design research practices and their willingness to en-
gage in collaborative studies. However, it also introduced bias. Participants’ awareness of
being observed may have altered their responses and interactions, making them less rep-
resentative of everyday practice. The cultural context is rooted in Northwest European
educational and design traditions, which means that some insights may not transfer to
other regions or professional environments. Translating findings from educational to pro-
fessional practice calls for targeted validation. Professionals in the interviews recognized
and elaborated the patterns, suggesting relevance beyond education. Studies in profes-
sional settings should then adapt and extend them, accounting for differences in roles, in-
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centives, time pressures, and tools and workflows. Accordingly, the claims and guidelines
developed in this thesis should therefore be read as promising, education-grounded expert-
informed hypotheses rather than as fully validated prescriptions for the entire design pro-
fession. Future research should investigate more diverse contexts, including professionals
from multiple cultural and institutional backgrounds, to validate the generalizability of
these findings.

Second, while my findings indicate a positive association between co-exploration and
good design outcomes, this research cannot demonstrate a direct causal link. In other
words, although teams that engaged in richer and more varied co-exploration tended to
achieve better results, it remains uncertain whether increasing co-exploration would al-
ways lead to improved performance. This thesis argued that collaborative experiences
are enabled by shaping the right conditions, encompassing intentions, skillsets, and the
broader collaborative environment, beyond just technological support. Future research
should examine more closely how specific conditions and factors influence the experience
of co-exploration, potentially through controlled experimental studies in both educational
and professional contexts, in order to establish causal relationships.

Third, the DTC guidelines remain untested in professional, real-world applications.
They synthesize expert perspectives and student-based evidence into a set of design con-
siderations, but their practical value for different stakeholder groups is still somewhat
speculative. It is likely that while tool developers and practitioners share some concerns,
their specific considerations and strategies will differ. For example, when it comes to “con-
textual awareness of individual work-in-progress,” tool developers may focus on embed-
ding features such as notifications, activity feeds, or visual indicators to support shared
awareness within a platform. In contrast, collaborating designers might rely more on
direct communication, regular check-ins, or established team routines and norms to stay
informed about each other’s progress. Future research should develop more targeted guid-
ance that addresses the unique needs and contexts of different user groups and use cases,
and rigorously test these adapted guidelines in authentic professional settings to validate
their effectiveness.

Fourth, some findings and insights from this research may only be applicable within
the specific historical and technological context in which the studies were conducted. The
work spans periods before, during, and after the COVID-19 pandemic, as well as the emer-
gence of new AI technologies. For example, the disruption of co-exploration during the
pandemic highlighted urgent challenges of remote collaboration that may not feel as press-
ing today. Likewise, the rapid development of AI, from early automation to machine learn-
ing, and now to Large Language Models, continues to redefine what is possible to support
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in collaborative design. Future research could examine how emerging technologies shape
the conditions for co-exploration and how they might be designed to foster richer collabo-
ration, thereby continually updating our understanding of co-exploration within evolving
technological landscapes.

Moving beyond the direct limitations addressed above, this dissertation lays the ground-
work for several broader, more ambitious research trajectories that leverage the estab-
lished understanding of co-exploration.

One future direction involves exploring the scalability and cross-domain applicability
of the identified co-exploration patterns. It would be valuable to evaluate how these five
patterns manifest and are valued across diverse professional fields. For instance, highly
creative fields like advertising or marketing might inherently demand frequent and in-
tense co-exploration, where a certain level is indicative of a healthy collaborative process;
Fields such as architecture or engineering (often highly structured) may exhibit different
frequencies and standards for what constitutes effective co-exploration. Future studies
could quantitatively and qualitatively investigate the perceived utility of these patterns in
various domains, potentially establishing baseline indicators for “healthy” co-exploratory
activity in different professional contexts.

Beyond presence, understandingwhat fosters a “co-explorationmindset” is interesting.
This refers to an awareness andwillingness within teams to proactively seek and engage in
these beneficial collaborative experiences. Future research could explore the psychosocial
factors, team dynamics, and design interventions that cultivate such an understanding and
inclination. This might involve investigating whether naturally healthy teams are more
inclined to exhibit robust co-exploration, or if specific, designed team-building activities
can foster the interpersonal skills and collective inertia necessary to sustain high levels of
co-exploration. Furthermore, interventions designed within ongoing teamwork, such as
guided reflection sessions or specific facilitation techniques, could be evaluated for their
effectiveness in promoting consistent co-exploratory behaviors.

The rapid advancement of technology, particularly with the rise of AI, presents a pro-
found opportunity to revolutionize the support for co-exploration. As highlighted by ex-
pert designers during this research, the integration of Artificial Intelligence Generated
Content (AIGC) into collaborative platforms like Miro or Mural offers possibilities. They
imagined AI generating visual representations of ideas in real-time based on distilled con-
versational insights, which would create a “new source of trigger” for co-exploration,
transforming spoken ideas into tangible sketches that can spark new discussions that
verbal interaction alone might miss. This vision aligns with the concept of human-AI
co-creation (HACC), where the AI acts as a dynamic partner, shifting its role to best sup-
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port the designer’s creative process [25]. Future research can explore the integration of
AI-powered tools, focusing on how they can support co-exploration among collaborators
without stifling creativity during collaborative design processes.

6.4 Final Reflections
This closing section reflects the a posteriori nature of my research journey, learning from
experience, questioning assumptions, and gradually refining what co-exploration means.

“Co-exploration” first appeared as a concept during the exploratory study I conducted
in the context of the COVID-19 pandemic. At that time, I understood it as a remote activity
in which participants collaboratively explored design alternatives during the prototyping
process. Influenced by dominant narratives in the field and reinforced by participants’ ex-
pressed needs, I believed I had identified a clear opportunity for intervention: supporting
remote “co-exploration” by developing a dedicated design tool.

As I investigated further, by reviewing existing tools, conducting initial tryouts, and
coaching student teams, I began to notice a recurring issue. Many of these efforts focused
on enabling synchronized interaction and shared material access, assuming that improv-
ing real-time discussion and joint manipulation of artefacts would automatically foster
“co-exploration.” Yet I realized I lacked a clear understanding of what co-exploration actu-
ally involved. I initially thought of it as a type of activity, but I could not tell what made an
activity co-exploratory or identify when it was happening. Confronting the question of
what defines co-exploration challenged my earlier assumptions and marked an important
moment in my research.

Through a longitudinal observational study of 16 student design teams over fivemonths,
I began to see co-exploration not as a fixed or repeatable activity, but as a shared ex-
perience that emerges within and across design activities. Even when teams undertook
similar tasks, co-exploration varied in presence and form. I identified several influencing
dimensions, including those later formalized in my analytical framework: information
distribution, diversity of insights, types of communication, and spatial configurations of
participants. I also observed other relevant but less clearly defined factors such as shared
intentions, interpersonal dynamics, and levels of engagement. These insights led me to
define co-exploration as emerging across diverse activities and team interactions, foster-
ing togetherness and keeping design teams open-minded. This engagement cultivates
collective intelligence and enables teams to share knowledge, which often coincides with
instances of effective and healthy teamwork.

Although this research initially focused on tools for remote prototyping, it gradually
became evident that tools are only one aspect of a much larger and more complex system.
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Remote design collaboration is influenced by technology, but also by a broad range of
factors, such as awareness, intentions, mindsets, and many others that shape how people
work together. As I engaged more deeply with the topic, I began to question why so many
promising tools that demonstrate value in research are rarely adopted into real practice.
Through my interviews and literature review, I realized that even well-designed tools of-
ten address only parts of the collaborative process, and may not align with the diverse,
evolving needs of teams in context. This realization led me to reflect more critically on
my own initial approach. Rather than focusing primarily on the question, “How can we
do the same thing remotely?”, I learned to ask a more nuanced question: “What is actu-
ally needed when we are no longer physically together?” This shift helped me recognize
the limitations of aiming to develop a singular tool and encouraged me to adopt a more
holistic perspective.

Understanding that co-exploration cannot simply be inserted into a process by a tool
but instead emerges from a carefully shaped condition, I came to see that my initial vision
of a discrete tool solution was no longer sufficient. As the final contribution of my PhD
journey, I offer the DTC guideline, a set of interconnected aspects and design consider-
ations that provide intermediate-level knowledge to inform both tool development and
collaborative design practices. The ambition to design a single tool now represents only
one element within a broader landscape of conditions that support co-exploration.
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