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Abstract: This paper explores the use of physical scale models as immersive prototypes in
the design and development of Spatial Augmented Reality (SAR) environments. SAR inte-
grates digital projections with physical spaces, offering benefits for spatial reasoning and
coordinated activities. However, designing SAR systems at full scale presents challenges
in testing and refinement due to their complex physical–digital properties. To address
this, we developed augmented miniature environments for two case studies: an in-store
retail navigation system and a manufacturing assembly process. These models effectively
materialized SAR’s most important experiential qualities at a manageable scale, enabling
the exploration of spatial relationships, coordinated user activity, and system functionality
in a tangible and accessible way. The miniatures facilitated collaborative design, providing
a shared medium for stakeholders to visualize and experiment with SAR applications.
This paper presents augmented miniatures as effective tools for SAR design that foster
creative exploration and communication, and highlights opportunities for future research
in combining these models with digital prototyping technologies.

Keywords: spatial augmented reality; embodied interaction; design for interaction; design
research; miniature models; research through design

1. Introduction
Spatial Augmented Reality (SAR) is a technology that makes use of video projectors

to overlay graphical information directly onto physical surfaces, thereby augmenting real-
world environments and objects with digital content. The key difference with other types
of Extended Reality (XR) technologies is that SAR does not require the display device
to be worn or held by the user [1]. This distinctive experiential characteristic of SAR
systems offers several benefits for users. For example, it has been shown to enhance spatial
comprehension during complex tasks [2] and facilitate the creation of shared spaces that
improve coordination and collaboration in group activities [3]. These qualities make SAR
particularly valuable in contexts in which spatial and collaborative engagement is essential,
such as museum exhibits [4], manufacturing operations [2], and design activities [5].

However, much of SAR research has traditionally focused on addressing the
technical challenges of its implementation, such as projection accuracy and real-time
tracking [6–9]. While these issues are undeniably crucial, there is an increasing recognition
by XR developers of the need to balance technical advancements with human-centered
considerations [10–12]. As such, to fully capitalize on the benefits of SAR, it is essential to
consider users’ cognitive and social needs in the development of augmented environments.
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This entails understanding and addressing the distinctive aesthetic and experiential quali-
ties of SAR environments, which are crucial not only for enhancing user engagement but
also for ensuring that SAR systems effectively fulfill their intended purposes. For instance,
in their “One reality” framework, Roo and Hachet [13] look into the unique interactive
properties of different XR modalities to conceptualize a system that seamlessly transitions
between physical and digital experiences. Their approach emphasizes maintaining users’
connection with the physical environment and with other users, for which SAR is leveraged
for its ability to create shared spaces and allow direct manipulation of augmented objects.
Similarly, Bekele and Champion [14] compare the qualities of various XR technologies
and evaluate their effectiveness in enhancing cultural learning. Their assessment looks at
various interaction methods in XR technology from both an experiential and a technological
perspective in order to identify an approach that enables a contextual relationship between
users, their physical surroundings, and the virtual environment. These examples underline
that SAR’s potential is maximized when it moves beyond purely technical concerns to
embrace user experience, interactivity, and engagement.

Objectives of This Paper

Building on the outlined perspective, the present paper seeks to contribute to the
discussion of the distinctive esthetic and experiential qualities of SAR environments. To
do so, we present an exploratory research effort centered around two case studies, each
involving the creation of miniature environments onto which digital content was projected.
These miniature environments served as platforms for exploring and communicating
various scenarios and interaction routines within two distinct SAR contexts. Through this
exploration, we aim to deepen our understanding of the qualities that define augmented
environments. By focusing on these qualities, we seek to identify design approaches that
can more effectively leverage the core properties of SAR technology, ensuring that these are
accessible and impactful during the design and development of SAR applications. In doing
so, we aim to address the growing need for human-centered considerations in SAR research,
particularly in contexts that demand intuitive interaction and collaborative engagement.

2. Methods
Our research effort is centered around the use of miniatures as supporting tools in the

design and development of SAR environments. As such, we formulate our initial research
question as: how do augmented miniature environments materialize experiential and
aesthetic qualities of SAR during the design and development of full-scale applications?

To structure our approach to this question, we follow the design science research
framework presented by Peffers et al. [15], since it is structured around the construction of
design artifacts, the evaluation of these artifacts, and the refinement of knowledge. The
process consists of six activities: (1) problem identification and motivation, (2) define the
objectives for a solution, (3) design and development, (4) demonstration, (5) evaluation,
and (6) communication. Hence, we present in this introduction the context and relevance
of the problem (activity 1), as well as the objectives of our exploration in relation to this
research space (activity 2). In what follows, we outline the key theoretical motivations
for using augmented miniatures as supporting tools, drawing from relevant literature,
after which we describe the physical construction of the miniatures (activity 3) and their
implementation (activity 4). This is followed by an analysis process aimed at refining
our understanding of the miniatures’ qualities through reflection on our implementation
of them (activity 5). At this stage we revisit the original insights from the literature on
SAR’s experiential qualities and build upon them based on these findings. Finally, the last
section summarizes our findings and provides an outlook on future steps (activity 6). This
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approach emphasizes the importance of integrating theoretical foundations with practical
application, ensuring that the research contributes to both the advancement of knowledge
and the improvement of practice.

It is important to note that this paper does not present a formal evaluation of SAR
systems or interaction methods. Instead, it offers an account of our experience developing
and implementing augmented miniatures as part of the design and development of SAR en-
vironments. Through this descriptive approach, we aim to share insights gained during the
process, focusing on how these miniatures facilitated the exploration and communication
of design scenarios and interaction routines. Our intent is not to test specific hypotheses
but to contribute to the growing body of knowledge surrounding SAR design by reflecting
on the practical and aesthetic considerations encountered in our work.

3. Background and Related Work
The related work in this section first reviews the key experiential qualities of SAR

environments, highlighting the benefits derived from its distinctive characteristics. It then
explores the role of physical models and prototypes in design practice, outlining how these
tools help designers frame and investigate design questions. Finally, we present augmented
miniatures as a practical and effective tool for exploring and communicating the distinctive
experiential qualities of SAR, particularly by bridging the physical and digital dimensions
essential for SAR applications.

3.1. The Experiential Qualities of SAR

Arguably, the defining characteristic of SAR is its use of the physical environment itself
as a display medium for digital content, which enables a more natural way for users to grasp
and manipulate information. By leveraging people’s familiarity with physical engagement,
SAR resonates with the principles of embodied interaction, which emphasize that cognitive
processes are deeply rooted in the body’s interactions with the physical world [16,17]. This
perspective aims to make interactions with digital systems more intuitive and meaningful
through physical engagement [18]. By projecting digital content onto physical surfaces,
SAR allows for direct tangible engagement with the system, such as in the Tangible 3D
Tabletop [19], in which users manipulate physical markers on a tabletop map to interact
with geolocated data, adapting the projections on the map based on the movement and
placement of tangibles. This seamless integration of physical and digital elements not only
enhances interaction but also supports improved spatial comprehension, as it allows users
to rely on familiar environmental cues and natural perceptual processes to navigate the
system. The study by Baumeister et al. [20] demonstrated that, compared to head-mounted
displays, which require adjusting to a virtual interface, SAR’s approach to aligning digital
information with the physical world reduces cognitive load and enables users to better
understand complex spatial relationships. This aligns with similar findings in which SAR
systems demonstrate improved performance in tasks requiring spatial awareness [2,21].

Another important consequence of presenting digital content directly over a physical
environment is the materialization of a shared space where multiple users can simultane-
ously engage in a collective experience. This shared space acts as a common reference point
that facilitates discussion and the communication of ideas [5,22] but, given the dynamic
and adaptable nature of digital content, it can also serve as a guide for coordinated activity.
As opposed to head-mounted displays that isolate the user from its physical surroundings,
projected content allows groups of users to coordinate their activity in response to each
other’s actions and to the augmented environment, collectively interpreting and responding
to ongoing changes [23]. Through this interplay of interactions among the digital content,
the physical setting and other users, SAR becomes a space for shared exploration and
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collective understanding. For instance, in the SAR system in [3], participants were tasked
with navigating and interacting with a simulated museum exhibit, guided through differ-
ent scenes by floor-projected arrows and highlights. These visual cues not only directed
movement and focus but also facilitated communication and coordination among users,
enabling them to negotiate and synchronize their actions more effectively to collectively
share better viewing angles.

While the aforementioned advantages of SAR stem from the interactive possibilities of
its physical and digital dimensions—which allow for intuitive interactions and dynamic
content presentation—the overall experience of an SAR environment depends on the
interplay and cohesiveness among these two dimensions. The physical and digital events
that comprise an augmented environment have very different sensorial qualities: the former
tend to be persistent and static, while the latter are temporal and dynamic. The way in
which these two types of events interact with each other is known as coupling [24] and
shapes both the usability and aesthetic quality of SAR systems. For instance, in the Tangible
3D Tabletop, placing a tangible over the flat map displays a magnified image of the map
section over the tangible, and when the user rotates the tangible, the image zooms in or out
accordingly. This interaction routine contains two events with different sensorial qualities,
the physical action of rotating the tangible and the immediate transformation of the digital
map. When these are brought together cohesively, they are perceived by the user as one
seamless and harmonious experience. Previous studies have underlined that well-designed
couplings are not only a source of aesthetic satisfaction but also enhance the intuitiveness of
interactions [18], as the smooth connection between physical actions and digital responses
contributes to a sense of natural engagement. This underlines that well-designed couplings
not only improve usability in an SAR environment but also create a visually and sensorially
rewarding experience that resonates with users on a deeper level.

Altogether, the experiential qualities described in this section demonstrate how SAR
systems can create intuitive, engaging and collaborative environments that enhance both
usability and user experience. A summary of these characteristics is presented in Table 1 to
illustrate the technology’s benefits.

Table 1. Summary of SAR’s distinctive experiential qualities.

Technology Characteristics Experiential Quality Benefits for Users

Projection directly onto
physical surfaces

Use of natural perception processes
to engage with the augmented space Spatial comprehension

No need for head-mounted or
handheld displays

Awareness of social and
environmental cues Coordinated activity

Use of digital and physical elements Coupling between digital and
physical events

Natural sense of engagement,
aesthetically pleasing experience

3.2. The Role of Physical Models and Prototypes

Physical models and prototypes are widely recognized as fundamental elements of
design practice, which positions them in a crucial role in the development of technology.
These artifacts are implemented for multiple purposes throughout a design process, such
as the creative exploration of ideas, provoking critical reflection, or verifying technical
requirements. At their core, physical models enable designers to examine, frame, and
inquire into design problems to evaluate potential solutions [25]. Consequently, selecting
the qualities of a model or prototype is essential for identifying and addressing the most
relevant design questions for a given context. For this important role, different frameworks
have been developed aimed at clarifying the way in which these artifacts assist designers
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in navigating a design space. For instance, Lim, Stolterman, and Tenenberg [26] presented
an analysis of the fundamental nature of prototypes, in which they describe two key dimen-
sions that support designers in “traversing a design space”. First, prototypes can function
as (1) filters, allowing designers to deliberately exclude certain aspects of a design during
a given phase to explore variations in other qualities. Second, prototypes are essentially
(2) manifestations of ideas, providing tangible means for stakeholders to experience a
concept and for designers to engage in a reflective conversation with the design idea, as
illustrated in Schön’s notion of reflection-in-action: the process of thinking and adjusting
while being actively engaged in a task [27].

This underlines the importance of identifying the core experiential elements of a tech-
nology in order to implement tools and methods that make these properties accessible
during the design process. By doing so, designers can align their exploration with the in-
tended impact of the technology. Hence, awareness of a technology’s essential experiential
attributes enables designers to gain deeper insights into the aspects of the experience that
are most critical to achieving success. Importantly, this does not imply that prototypes
need to replicate the exact characteristics of a full implementation to foreground important
information. Buchneau and Fulton Suri [28], in their “experience prototyping” approach,
contend that even a simple object, such as a brick representing certain weight, can effectively
convey experiential aspects. Therefore, when designing interactive technology, careful
attention must be paid to how models and prototypes mediate the process of exploration
and understanding.

3.3. Augmented Miniatures as an Approach to SAR Development

One of the most significant challenges in the design and implementation of SAR
environments is related to the scale of application. As an immersive technology,
SAR is often employed in large-scale interventions, which limits opportunities to ex-
plore and test its properties ahead of full deployment [29,30]. To approach the de-
sign of large spaces, scaled-down representations provide a practical means for design-
ers to visualize, experiment with, and refine concepts before committing to full-scale
implementation [29–31]. Furthermore, as the fundamental qualities of an SAR experience
depend on achieving a cohesive integration between its physical and digital dimensions,
augmenting these physical miniature environments with projected digital content offers a
valuable approach to designing SAR applications.

While digital models are often favored due to their cost-efficiency and ease of itera-
tion, the ubiquity of CAD modeling in design processes means that the additional step
of 3D printing a physical model is straightforward and provides substantial and distinct
benefits, as physical models present unique affordances that complement digital repre-
sentations. They provide an immediate, tangible sense of scale, materiality, and spatial
relationships, which are difficult to convey on a computer screen. Developers working
on Augmented Reality (AR) applications frequently cite difficulties in designing for the
physical elements of immersive experiences, such as spatial distribution and graspable
objects, when relying solely on 2D digital environments [32–34]. As such physical models
are particularly valuable for practitioners for exploring and articulating the spatial and
tangible aspects of interaction [34]. Research has consistently demonstrated the benefits of
physical scale models in helping people better grasp spatial relationships. For example,
studies in architectural design and urban planning have shown that physical models enable
clearer visualization of spatial layouts, distances, and proportions compared with their
digital counterparts [35,36].
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Moreover, since an augmented miniature is able to present a complete scene, rather
than emphasizing isolated elements, it allows for a more intuitive understanding of the
overall dynamics of the system. This is particularly valuable in SAR environments, where
awareness of contextual cues—such as physical layout, other user’s activities and animated
content—influences how users coordinate their actions to engage with the system’s features.
XR prototyping studies emphasize the importance of preserving contextual information, as
it helps maintain the fidelity of the experience, even when fidelity is down-sampled for
testing or documentation purposes [34]. As such, augmented miniatures allow designers
to experience the interplay between users, physical space, and digital content in a more
intuitive and holistic manner, even when abstracting the scale of the system. Hence,
unlike 2D digital representations, which may flatten the complexity of these relations,
physical models enable collaborative interpretation of system behavior, grounding the
design process in a comprehensive, tangible context [33,34].

In summary, augmented miniatures provide a compelling approach for addressing
the challenges of SAR development. By bridging the gap between physical and digital
dimensions of SAR, they enable the experience and exploration of the distinctive experien-
tial qualities of the technology: its benefits for spatial comprehension and its influence on
coordinated activity. This approach ensures that design decisions are informed by a holistic
understanding of the interplay between users, physical space, and augmented content,
which are critical to the success of SAR environments.

4. Design and Implementation of Augmented Miniatures
This section constitutes the third step of our research process: design and imple-

mentation. We present the two augmented miniatures employed in this study, offering
background information on the context and objectives that guided the development of each
miniature. In addition, we provide detailed descriptions of the scenarios and interaction
routines that each miniature is intended to communicate and explore. Following these
descriptions, a concise discussion is included for each case, reflecting on key observations
about how the miniatures manifested the SAR environment’s qualities.

4.1. The Augmented Supermarket Miniature

The video for the functionality and scenarios of this miniature can be found in the
Supplementary Material (Case1-supermarket).

4.1.1. Background and Description of Miniature

This augmented miniature environment was developed for a large European super-
market chain. The primary objective was not to test a specific technical application, but
rather to create a physical representation of the potential use of SAR within a retail context,
serving as a tool to provoke discussions about the digitalization of in-store communication.
Thus, the starting point for this SAR miniature was a conceptual future scenario in which a
supermarket is outfitted with a projection system that is able to cast imagery onto any floor
or shelf. In this context, SAR is considered a medium of interaction between a customer,
the store, and the products stored within. Through the use of projected digital content, the
miniature depicts various scenarios in which SAR is conceptualized as a tool for dynamic
wayfinding, highlighting promotions and as an aid in shopping, in this way presenting it
as a technology that has the potential to replace more traditional media such as wayfinding
arrows on the floor, printed panels, or displays.

The miniature itself consists of a scaled-down supermarket interior featuring five
shelving units, three static customer figures, a retail worker, a shopping cart, and a step
stool. Despite the static nature of the figures, movement is implied through projected
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animations, such as footsteps on the floor, bringing the scene to life. The whole system is
enclosed in a wooden box, with the lower half containing the miniature scene while the
top half stores all necessary electronics (Figure 1). The box is mounted on an expandable
tripod stand, ensuring that the miniature is at eye level when viewed standing, encouraging
engagement and close inspection.
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Figure 1. Augmented supermarket miniature: (a) overview of main components; (b) detail.

To accurately integrate animated content with the physical miniature, a reverse-
perspective rendering method was employed. The entire system was first designed vir-
tually in Blender version 3.5.0 (2023), where the miniature’s structure and components
were modeled in 3D. Virtual light sources were positioned to simulate the illumination
angles required for projection, enabling the precise placement of physical projectors in the
final setup. The animated content was designed in this virtual space, including elements
like moving shopping carts and transparent labels above shelves. These animations were
rendered into video files, one for each projector, and fine-tuned for synchronization and
timing. The content was then mapped onto the physical scene, ensuring accurate posi-
tioning through a pin-in-hole registration system. Custom 3D-printed holders were used
to position the projectors in alignment with the virtual transformations. A final calibra-
tion step was conducted to correct the distortions of the projected images, utilizing grid
warping techniques to align the projected grid with a physical reference. This calibration
ensures that the digital content accurately overlays on the miniature model, for a seamless
interaction between the physical and digital elements.

4.1.2. Description of SAR Interaction

The first scenario presented through the miniature is related to in-store promotions
and offers. A flat surface located above the product shelves is used as a “display”, receiving
projected content (Figure 2a). Its position and format resembles a traditional printed sign
or a mounted screen used to convey relevant information to customers. However, in this
case, through the use of projections, these data extend beyond the limits of the “display”.
Hence, in this scene the environment is augmented, not only to communicate information
about discounts, but also to help customers locate the products in question by mapping the
information directly onto their surroundings, highlighting the discounted products with a
red projection, linking them to the sign itself (Figure 2b).
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Figure 2. Scene depicting SAR used for in-store promotions: (a) the sign above the shelves communi-
cates an available promotion; (b) discounted products on the surrounding shelves are highlighted.

The next scenario further extends the idea of utilizing SAR to locate products on the
shelves, presenting the possibilities of a hybrid shopping experience, which combines
physical and online shopping. As the store has a limited number of products that are
physically present, customers can browse designated displays with products they can find
and buy physically there, and with products they can order through an online purchase
within the store. In the scenario presented, a customer browses through a selection of wines
while the system links the on-screen bottles to their physical presence in the store by using
projections to highlight their location in the shelves in real time (Figure 3).
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Figure 3. Hybrid shopping experience: (a) a customer uses a display on the shelves to browse
available products; (b) as they browse through the catalog the highlight on the shelves changes; (c) a
different product is highlighted.

The next scene presents the SAR system as a wayfinding tool. In this scenario, every
customer that has created a list in their smartphone of items to buy is assigned a color
within the store. While walking through the aisles, the projections highlight the products
that they need (Figure 4). Furthermore, this wayfinding functionality can also be used to
support the staff of the store. In a different scenario, the environment is augmented to
support in-training supermarket employees, with the projections creating a path for them
to find empty spaces in the store’s shelves that need to be restocked (Figure 5).
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Figure 5. Scene depicting wayfinding for employees: (a) the projections start from employee location;
(b) a path is laid on the floor towards the location to restock; (c) the path reaches the sought location
on the shelf.

4.1.3. Discussion of the Supermarket Miniature

The SAR application depicted in this section integrates digital processes—such as
online catalogs and shopping lists—with the physical layout of the store. Through this
integration, the SAR system primarily serves as a wayfinding tool, guiding users to specific
products and enhancing navigation within the supermarket. For this reason, this application
primarily highlights SAR’s potential to support spatial awareness.

As part of the communicative role of the miniature, it was important to materialize
this quality in order to facilitate understanding to different stakeholders, not only about
the system’s functionality, but also of the overall dynamics that SAR could introduce into
a shopping experience. Hence, by presenting a comprehensive scene that encapsulates
the physical structure of the store alongside the dynamic projected content, the miniature
makes it possible to observe the interplay between digital services and the physical layout.
This approach aligns with the aforementioned findings in XR prototyping research, which
emphasize the importance of preserving contextual information to facilitate an intuitive
understanding of system behavior [34]. As such, the permanence of the physical miniature
proved especially valuable, as it provides a familiar and stable reference point against which
the transformative effects of SAR can be demonstrated. The animated digital content—such
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as projected footsteps—dynamically direct attention without obscuring the broader context
of use.

One significant insight gained from observing the SAR system through this medium
was the distinction between two types of strategies for presenting information: direct
actionable cues and contextual information in the periphery of attention. For instance, the
projection of a path to help employees locate empty shelf spaces represents a direct cue
for action, which leverages the dynamic qualities of SAR’s digital content to guide users
intuitively and efficiently within the physical environment. In contrast, static promotions
and discounts displayed above the shelves rely on the permanence of the physical space,
allowing information to remain accessible without demanding immediate attention. Estab-
lishing this differentiation proved essential to effectively harness SAR’s unique capabilities
and allow a seamless interplay between actionable and contextual information. For exam-
ple, it became evident that, while promotions are initially static and peripheral, SAR can
extend their function by dynamically connecting these signs to the specific locations of
discounted products on the shelves. While this functionality can be communicated through
other media, the miniature’s potential to palpably blend the dynamic behavior of digital
content with a permanent physical structure allows for a richer understanding of how SAR
transforms this particular context.

Ultimately, as a tangible, shared artifact, the augmented supermarket miniature al-
lowed stakeholders to collectively grasp and discuss the interaction dynamics within the
SAR system, fostering a shared understanding of the design’s implications. This shared
reference point proved invaluable in this particular case, as it allows bridging communica-
tion gaps between technical and non-technical stakeholders, ensuring that the experiential
qualities of SAR were effectively conveyed and critically examined.

4.2. The Augmented Industrial Workplace Miniature

The video for the functionality and scenarios of this miniature can be found in the
Supplementary Material (Case2-workplace).

4.2.1. Background and Description of the Miniature

The context for this demonstrator was provided by a manufacturer of large plastic
parts. The SAR implementation in this case was concerned with facilitating the preparation
for the assembly process of the body panel of an industrial vehicle. This panel contains
two large plastic parts that need to be assembled together in order to form a rigid and stiff
piece. Additionally, the two parts need to be prepared simultaneously, by two different
operators. Throughout this process, these parts are blown off, cleaned, labeled, and heated;
glue is applied on one of them, and both parts are put together, clamped, and welded. For
all of this, the manufacturing company developed a designated workstation that included
a mobile table, a manipulator, and a clamping caliber.

The miniature was developed with the objective of exploring the possible benefits and
contributions of an SAR system for the assembly operations of this specific plastic part.
Thus, the demonstrator is a 1/10 scale model of the workplace (Figure 6). It consists of a
horizontal surface over which a working table is placed; this table, is not only designed
specifically to accommodate the roof parts, it also provides a circular surface over which
projections can be received to convey information during different operations. A vertical
wall containing a pico projector is located behind the table. Several props were added to
the model, like a control unit with different tools (glue gun, blow torch, pen, degreasing
spray). Additionally, two operator puppets were built to act out several scenarios, and to
make the different possibilities of the system visible and tangible.
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4.2.2. Description of SAR Interaction

The first operation supported by the SAR system is the dusting of the piece. The part
laid on the worktable is entirely covered by a projected texture of animated waves (Figure 7),
which represent the direction in which the operator needs to blow to remove dust. While
this is happening, the projection also overlays several arrows that point towards difficult
corners where dust might accumulate in the piece. The next operation is the degreasing of
the areas on which glue is going to be applied. For this, lines are projected over the areas
on which solvent needs to be applied (Figure 8a), in this way providing guides that the
operator can follow. In this step of the process, the operator needs to wait for the solvent to
dry and, thus, a timer is projected onto the working table while also covering the entire
piece with a slowly disappearing texture (Figure 8b–c). This overlaid texture is meant to
provide information about the remaining time while staying in the periphery of attention.
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The next operation in the SAR system is the application of heat to the areas to be glued.
In this instance, the projections not only highlight the areas that need to be worked on,
but also the correct order and speed at which to apply heat. For this purpose, said areas
are shown as an outline that is gradually filled by a red color (Figure 9), thus, providing a



Designs 2025, 9, 10 12 of 19

frame of reference for the operator about the appropriate speed of their movement. Next,
the pieces need to be numbered, for which the projections guide the operators from the tool
table towards the correct place where the number needs to be added, indicating position
and orientation to standardize the process (Figure 10).
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Figure 10. Numbering the pieces: (a) the process starts at the work table; (b) projections indicate the
correct position and orientation of the number.

Finally, for the application of adhesive, the projections once again highlight the ar-
eas that need to be worked on. However, in this instance the projections are shown in
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two different colors to distribute the task between two operators (Figure 11). These pro-
jections also convey information about the correct order and speed of the application of
adhesive by gradually thickening up the outline of the signaled areas and by projecting a
timer. After the two pieces have been glued together, the projections indicate that the piece
needs to be moved.
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4.2.3. Discussion of the Industrial Workplace Miniature

This section described an SAR application that leverages the technology’s qualities
to overlay digital guidance cues on a physical workspace, assisting operators in com-
pleting precise assembly tasks. Similar to previously reported applications in industrial
contexts [2,21], this SAR environment aims to make use of the technology’s ability to enhance
spatial comprehension to assist two operators in completing a series of precise tasks.

Building upon the differentiation established in the supermarket miniature between
peripheral information and direct actionable cues, this case study sought to implement
two complementary strategies for delivering information to users within the SAR environ-
ment. The first strategy relies on the permanence of the physical environment. As such, it
involved presenting contextual information in an ambient manner that did not demand
immediate or focused attention. This information is mapped directly onto specific areas of
the workspace, enabling intuitive access to it without disrupting workflow. For example,
during the degreasing task, a projected texture visually indicates the solvent’s drying time,
replacing the need for an explicit timer. This ambient display conveys temporal information
naturally and effortlessly through the gradual disappearance of the texture. As with the
supermarket case, the tangible quality of this miniature allows the presentation a complete
picture of the physical layout in which this system is implemented, providing a stable
reference point that can be experienced through natural perceptual processes. As such, the
augmented miniature makes it possible to visualize how ambient information integrates
into the overall dynamics of the context, which proved crucial for refining the specific
aesthetic qualities of the disappearing texture.

The second strategy focused on cues for action, which guided not only the location but
also the sequence and timing of operator movements. Given the dynamic context of this
application, it was important that this miniature allowed a direct tangible manipulation
of its elements. For this reason, the miniature was developed with an open design (see
Figure 6a) that allows the use of two operator puppets for a representation of different
positions and movements in relation to the projected digital cues. Unlike the supermarket
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case, where SAR primarily supports individual engagement with the system’s features, this
context emphasizes a more collaborative and task-oriented approach to SAR interactions.
As such, this hands-on approach proved particularly critical in interactions requiring syn-
chronized effort, such as the application of adhesive, where projected content coordinates
two operators simultaneously. By puppeteering the operator figures within the miniature,
it became possible to experiment with the timing and order of actions, enabling the explo-
ration of different temporal scenarios by varying the speed of cues or task durations and
visualizing how these changes impacted the flow of operations. In this way, the tangible
and interactive nature of the miniature provided valuable insights into how the system
could potentially accommodate operators with differing skill levels.

Overall, this miniature reinforced the importance of contextual fidelity and tangible
manipulation in SAR prototyping. Its flexibility to test ideas and visualize operator interac-
tions further demonstrated the way in which an augmented miniature is able to convey the
experiential possibilities of SAR in a manageable way, ensuring that its temporal, spatial,
and collaborative affordances were effectively understood and incorporated into the design.

5. Discussion
In this section, we reflect on the work presented and explore how the two miniatures

effectively manifested SAR’s most important experiential qualities, which was crucial to
their complementary roles within the design process.

5.1. Materializing SAR’s Qualities Through Augmented Miniatures

The most significant advantage of using augmented miniatures in SAR development
lies in their ability to concretely demonstrate the interaction between the physical and
digital dimensions of the technology before committing to full-scale implementation. As
previously established, this relationship forms the foundation of an SAR experience, with
the most significant benefits of SAR emerging from the cohesive integration of these
two aspects.

Virtual reality (VR) has also been proposed as tool for addressing SAR implementation
challenges when physical testing is impractical, for instance evaluating how projection
distortions change under different conditions [37]. However, while VR proves useful for
testing these specific technical issues, it cannot fully replicate certain experiential qualities
inherent in SAR. For instance, VR applications like TactileVR [38], which integrates physical
toys into virtual environments, attempt to add physical engagement—which is lacking in
VR—in order to enhance user engagement in educational and play settings. Similarly, work
by Piumsomboon et al. [39] aimed to overcome the limitations of head-mounted displays
by exploring how virtual awareness cues can provide users with information about their
collaborator’s attention and actions in a VR environment.

These strategies highlight the importance of selecting the appropriate prototyping
method—whether VR or physical miniatures—based on the specific design aspect that
needs testing. While VR can be well suited for testing particular technical issues like projec-
tion alignment or distortion, miniatures can offer a more direct, tangible representation of
how physical and digital elements seamlessly blend in an SAR environment. By preserving
the physicality and context of use, augmented miniatures offer unique opportunities to
understand how digital content interacts with and transforms physical spaces. For example,
the supermarket miniature effectively illustrated how SAR can convey spatial information
in two distinct ways, making it easier for stakeholders to understand the unique interactive
possibilities of this technology. Moreover, introducing interactivity into the miniature
further emphasizes the temporal dynamics inherent in augmented environments. While
the supermarket miniature materialized this aspect by simulating the movement of cus-
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tomers with animations, enabling stakeholders to directly simulate movements within
the scene—as in the workplace miniature—emphasizes how users must coordinate their
actions with multiple contextual factors in real time.

However, the limitations of miniatures must also be considered. The fidelity of
miniaturized environments inherently restricts the ability to fully represent certain qualities
of SAR. For instance, the notion of couplings—the interaction between physical and digital
events—is harder to convey in miniatures. In the supermarket model, while the system’s
response to user interactions—such as highlighting products in response to browsing—
could be demonstrated, the limited interactivity of the miniature prevents users from fully
experiencing the effect in an embodied, intuitive way. Moreover, the indirect perspective
of interacting with a miniature via proxies or simplified figures further limits the user’s
ability to grasp the full effect of an augmented environment. For instance, while a product
changing color based on a customer’s shopping list could be shown in a miniature, the
actual usability of this feature in a bustling, real-world retail space remains uncertain. This
illustrates the difficulty of replicating the complexities of real environments in an abstracted
representation, underscoring the need for more sophisticated prototypes that can translate
the high-fidelity of full-scale augmented experiences in a manageable scale.

5.2. The Role of Augmented Miniatures in the Design Process

Allowing stakeholders to experience the key qualities of SAR firsthand is crucial
for aligning design activities—such as discussions and creative exploration—with the
intended outcomes of the technology. Through their tangible nature, physical miniatures
provide representations that enable designers to engage directly with the spatial aspects
of SAR environments. These models facilitate an understanding of scale, proportion, and
physical interaction dynamics within augmented spaces. Additionally, when implemented
in combination with dynamic digital content, miniatures also bring a temporal dimension
to the experience that allows for a more intuitive exploration of users’ engagement with
the system. For example, the workplace miniature allowed stakeholders to directly control
operators and test different task flows and timing routines, revealing potential coordination
challenges that might not be evident in purely digital representations.

Moreover, physical models also serve as effective communication tools, particularly
when conveying complex interaction concepts to both technical and non-technical stake-
holders. The novelty of SAR as a medium, combined with the intricacies of spatial design,
often complicates understanding of the technology’s possibilities, for which physical proto-
types play a crucial role in translating conceptual ideas into practical implementations [34].
The primary function of the supermarket miniature was to serve as such a communication
tool, retaining the integration of physical and digital elements to fulfill this role. The
open-ended nature of the miniature fostered diverse interpretations, encouraging creative
discussions on potential applications and improvements. This collaborative engagement
underscores the value of physical models in deepening stakeholders’ understanding of
SAR’s benefits, enhancing communication and reflection throughout the design process.

Although the two miniatures developed for these case studies were effective as ex-
ploratory and communicative tools, it is essential to acknowledge their limitations in
evaluation activities, such as the testing of specific functions or routines in depth. Previous
research has underlined the importance of testing AR applications in real-world settings,
where contextual elements play a critical role in performance [40]. Thus, while these minia-
tures are invaluable for exploring and testing initial SAR concepts, they cannot directly
replicate the complexity of real-world situations. Therefore, the results of exploratory
activities with augmented miniatures cannot be directly translated to full-scale conditions,
where real-world variables and human dynamics increase in complexity. Future research
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must address this challenge, possibly through comparative studies that assess the specific
benefits of different types of prototyping methods for augmented environments, such as
traditional on-screen versus physical augmented miniatures.

Additionally, developing SAR miniatures requires significant technical expertise, espe-
cially when synchronizing digital elements with physical components. While advancements
in fabrication, such as 3D printing, have simplified the production of physical components,
the creation of dynamic digital content still requires specialized skills, including animation,
projection mapping, and synchronization techniques [32,41]. This complexity, compounded
by fragmented workflows and incompatible tools, raises the technical threshold for non-
expert designers, limiting the accessibility of such tools [33]. However, as the field evolves,
advancements in software and more integrated design platforms may reduce these barriers,
allowing designers to prototype and iterate across both the physical and digital domains
more efficiently. Such progress could ultimately enhance the design process and foster
greater innovation in SAR applications.

In summary, the two miniatures developed for these case studies served complemen-
tary roles in the broader design process of SAR applications. The retail model acted as
a communicative tool, making SAR’s potential more accessible and facilitating creative
dialog, while the manufacturing miniature functioned as an exploratory tool, enabling the
iterative testing and refinement of SAR’s interaction routines. Together, these miniatures
underscore the value of augmented prototypes in exploring and communicating the unique
experiential qualities of SAR, offering a tangible means to test, refine, and communicate
complex digital–physical systems.

6. Conclusions
This paper has examined the critical role of physical scale models as immersive

prototypes in the development of SAR environments. Drawing insights from two case
studies—retail navigation and manufacturing operations—we have demonstrated how
augmented miniatures provide valuable tools for exploring and communicating some of
SAR’s key experiential qualities throughout the design process. Our analysis highlighted
that miniatures effectively present these qualities by enabling the natural interaction be-
tween physical and digital content while preserving the context of use. These characteristics
foster a deeper understanding of how SAR enhances spatial reasoning and facilitates coor-
dinated activities, helping users visualize and comprehend complex dynamics that might
be overlooked through conventional design methods.

Additionally, the augmented and tangible nature of these miniatures promotes collab-
orative dialog among stakeholders, encouraging creativity and innovation. By bridging
the gap between abstract concepts and practical applications, these miniatures served as
dynamic platforms for refining design ideas and reflecting on the implications of SAR
technology. Their ability to convey nuanced interactions and foster shared understanding
makes them indispensable in the iterative design process.

Ultimately, this study underscores the critical importance of incorporating physical
models into SAR design practices to unlock the full potential of this technology across
diverse applications. By leveraging their unique strengths, designers can more effec-
tively prototype, iterate, and realize SAR systems that seamlessly integrate digital and
physical realms.

As we envision the future of SAR, it is essential to consider a transformative shift in
how technology is integrated into people’s everyday environments. Currently, projections
are often designed to fit into existing physical spaces, but as SAR technology becomes more
accessible and pervasive, there is the potential to simultaneously design the physical space
alongside the digital projected content. This holistic approach could redefine our inter-
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actions with augmented environments, enhancing the user experience in unprecedented
ways. Given the convergence of digital and physical realms, understanding the experiential
qualities of this type of design will be crucial as we navigate the complexities of integrating
technology into our everyday lives.
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