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Abstract


Sustainability education increasingly calls for innovative learning environments that help learners recognize ecological interdependencies and challenge anthropocentric worldviews. Everyday multispecies relationships, such as with companion animals, often underexplored, offer opportunities for cultivating ecological literacy and care. This paper introduces Augmented Ecological Relating (AER), an approach that combines Augmented Reality (AR) with embodied inquiry to explore multispecies perspectives. Going beyond embodied inquiry, AER specifies how digital augmentation can systematically support learners’ iterative noticing, ethical reasoning, and action within everyday multispecies ecosystems. We draw on a virtual summer workshop for adolescents in which participants used AR filters simulating dog and cat vision to investigate their pets’ sensory worlds. We used qualitative case study methods to examine how AR tools mediated human youths’ noticing, inquiry, and reflection. We found that the AR filters used in the study’s context enabled participants to critically reconsider pet behaviors within home ecologies. Participants recognized companion animals as ecological beings with distinct sensory experiences, explored interconnections among humans, animals, and environments, and reflected on ethical responsibilities in multispecies relationships. Through iterative inquiry, youth moved beyond companionship to sustainability-oriented perspectives grounded in relational care, systems thinking, and practical action. By embedding digital augmentation into everyday contexts, AER enabled learners to engage with more-than-human perspectives, fostering ecological awareness, ethical reflection, and sustainability literacy in accessible, meaningful ways.
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1. Introduction


Understanding how humans perceive and relate to other living beings is central to effective sustainability education. However, our prevailing sensory and cognitive frameworks are deeply anthropocentric, limiting our capacity to fully recognize the complex interconnectedness that sustains all ecological systems [1]. This limitation is not accidental; modern life, especially in urban contexts, reinforces this separation, often positioning humans as distant observers rather than creatures embedded in nature and presenting several ecological challenges. Addressing the severity of the current global ecological crisis caused by human activity requires a fundamental shift in pedagogy toward a relational worldview [2,3]. This shift necessitates moving beyond the traditional stewardship model, where humans are positioned to manage and care for nature, to embrace one that insists on decentering the human, viewing the world as a complex, active, and entangled, more-than-human assemblage [4,5]. Reconfiguring educational environments to foster this awareness is critical for achieving the socio-emotional goals of Education for Sustainable Development (ESD), specifically the cultivation of empathy, curiosity, and relational care [5]. Innovative learning environments can help bridge this divide. For example, emerging technologies, such as Augmented Reality (AR), offer a unique capability to make often-invisible ecological experiences, and by extension, relationships visible. By doing so, AR offers new ways to experience multispecies interconnections and develop ecological literacy. Prior studies in sustainability and environmental education demonstrate that embodied and experiential learning fosters systems thinking and environmental care [6,7,8]. Nevertheless, few existing learning environments allow learners to engage directly with the sensory and affective worlds of more-than-humans in their everyday lives.



The term more-than-human has been used across disciplines to challenge the assumption that humans stand apart from the rest of the living world. In the humanities, scholars such as Haraway [9] use it to dissolve the binary between nature and culture, emphasizing relationships that are co-constitutive, partial, and always in the making. “Making kin” across species lines, in this view, extends the notion of relationality beyond human-centric family and social structures, foregrounding interdependence and reciprocity as conditions of life. In contrast, science writers and biologists such as Yong [1] have approached the more-than-human through the lens of sensory experience, drawing on von Uexküll’s [10] concept of the umwelt—an organism’s perceptual world, the narrow slice of reality accessible through its senses. Each species inhabits a distinct perceptual domain, and human perception, dominated by vision, captures only a fraction of the surrounding world. As Nagel [11] famously argued, we can never fully know “what it is like to be a bat,” yet scientific and experiential efforts to understand other creatures’ umwelten expand our capacity for empathy and recognition of non-human agency. In the context of this paper, more-than-human indicates creatures other than humans whose experiences in nature are more than what humans can perceive. The term acknowledges that learning, perception, and meaning-making are distributed across humans, animals, tools, and settings. Therefore, by engaging with AR technologies that render non-human sensory worlds perceptible, this paper operationalizes the more-than-human as a lived, experiential practice of noticing, relating, and learning with others in common worlds [4], beyond an idea.



This paper introduces Augmented Ecological Relating (AER) as a process in sustainability education that recognizes AR use in embodied inquiry (through physical, sensory, and affective engagement with one’s environment) to foster relational awareness between humans and their more-than-human companions. Specifically, we investigate how AR filters that simulate pet vision enable adolescents to notice and reflect on ecological complexity within their home environments. This technique acts as a direct pedagogical mechanism for decentering the learner’s perception, facilitating multispecies sense-making. Pets, as members of human households, provide accessible and affective entry points for exploring interspecies relationships, ethical care, and environmental awareness [12]. During a virtual summer workshop, teens used AR filters to experience the world through their pets’ sensory perspectives, documenting their observations and reflections. Such a process of learning with rather than about animals encouraged participants to see the surroundings as microcosms of ecosystems of interdependent beings [13,14]. We argue that AER, relating to more-than-humans through AR, transforms everyday relationships into situated sites for ecological inquiry that can foster a robust, relational understanding of coexistence, responsibility, and care that supports the cognitive, socio-emotional, and behavioral goals of ESD [5]. We describe AER as emergent attention to nature’s ecological and relational attributes. The term “ecological” draws attention to the interdependencies and interactions between species, their environments, and the broader ecosystems. The term “relational” highlights how beings, human and non-human, actively and dynamically engage with one another within these systems. Together, these terms foreground how relationships shape interactions, perceptions, and behaviors. Thus, AER facilitates and emphasizes recognizing the complex interplay within the co-dwelling ecosystems in which pets live.



Although prior research in sustainability education and multispecies learning has emphasized relationality and ethical care, much of this work is situated in formal educational settings or in encounters with wildlife and conservation education contexts. However, sustainability-oriented learning unfolds within everyday domestic environments as well, where human–more-than-human relationships are ongoing, and emotionally significant. At the same time, research on AR in sustainability education has primarily examined how AR helps learners visualize large-scale or adverse ecological events (reviewed below), rather than how AR might support relational engagement in everyday settings. We address this gap to expand our understanding of how learners might develop ecological awareness through sustained interaction with more-than-human beings in their immediate surroundings. To this end, we examine how adolescents’ engagements with pets, mediated through AR tools. can function as sites for relational, ecological inquiry. We pose two research questions that underscore the importance of AER:




How do these AR filter tools affect teenagers’ noticing and sensemaking of ecological and relational complexities in animal existence within the home ecosystem?






How does the teens’ noticing of ecological and relational complexities in pets’ lives shape their inquiry into and reflection on pets’ experiences?





In the following sections, we review existing research in this area, describe the study’s details and the paper’s analytical strategy, and detail the findings in response to the research questions. Finally, we discuss the findings’ importance and implications for the field.




2. Related Research


2.1. Research on Learning as Increasingly Complex Interactions with Ecosystems


Learning emerges through dynamic engagements among humans, more-than-humans, and technological tools situated in everyday environments. This framing builds on sociocultural theories that view learning as socially and materially mediated [15], while extending to ecological and digital dimensions. From this view, learning emerges through interactions within complex human–nature–technology systems. Learning environments such as homes, neighborhoods, and community settings provide rich contexts for such engagement, allowing learners to explore ecological relationships that are both familiar and personally meaningful.



Augmented Reality (AR) technologies extend such learning by making invisible or inaccessible phenomena tangible and observable [16,17]. When AR filters simulate pet vision, learners can investigate their pets’ sensory worlds, prompting new questions about perception, adaptation, and coexistence within shared home ecosystems. Therefore, AR tools act as mediators, fostering triadic interactions among the learner (posing and reflecting on questions), the technology (offering a different perceptual lens), and the environment (the site of inquiry and reflection). In this interplay, learning becomes an embodied, iterative process where understanding is co-constructed through sensory, ethical, and material engagement rather than passive observation [18,19,20]. Such embodied and relational inquiry develops ecological literacy and systems thinking by highlighting interdependence across species and environments [21,22,23]. Research shows that decentered, multispecies sense-making, i.e., studying ecosystems by focusing on species and their environments, rather than prioritizing humans, helps us understand two key ideas: Entanglement (we are all connected and affect each other) and shared vulnerability (humans and other species share risks and can be harmed together) [13,14]. In particular, studies of young people interacting with animals and their local ecosystems demonstrate that these experiences develop important qualities for learning about sustainability, e.g., empathy, curiosity, and care [24,25,26,27,28,29,30].



Building on this foundation, we explore how AR-mediated inquiry supports AER, i.e., learning that emerges from observing, interpreting, and coexisting with more-than-human companions. By situating inquiry in everyday life, in this paper we demonstrate how an innovative learning environment can foster ecological awareness, relational responsibility, and sustained engagement with the living world.




2.2. AR as a Tool for Human–More-than-Human Connection


AR has been utilized to model human–animal interactions, particularly focusing on domestic animals like dogs. These simulations provide opportunities to explore animal behavior and foster perspective-taking and care, serving as educational tools for public health and behavior modification. A recent review [18] analyzed studies employing dog models with generic behaviors, such as walking, barking, or sitting, primarily for treating dog phobia. However, many AR applications overlook contextually significant canine behaviors, such as lip licking or yawning, which are subtle indicators of stress or discomfort. This reveals a critical gap; including these behaviors could allow users to observe and interpret canine actions within specific contexts, enhancing their understanding of what these behaviors mean for the animal.



In loosely structured learning environments, AR has effectively presented challenging conditions experienced by animals, enabling learners to develop a profound understanding and engagement with animal conditions. For instance, the Zoo Scene Investigators project [19] integrated AR into a zoo setting to engage students in role-playing and collaborative problem-solving. Middle schoolers in the role of a human tried solving a wildlife trafficking mystery. The project seamlessly blended physical and digital elements to create a highly engaging learning experience by combining live exhibits, virtual interviews, and interactive clues. Similarly, the Singaporean Zooscape [19] project employed location-based “mediascapes,” digital overlays of sounds, videos, and other media, on specific zoo locations to teach elementary students about animals escaping poachers. Despite participants’ age and cultural differences, both initiatives demonstrated the benefits of immersing users in exploring animal existence within ecosystems, which included youth-led and collaborative, rather than teacher-led learning.



Using an embodied interaction approach, the Paws exhibit at Brookfield Zoo in Chicago [20,29] simulated the challenges faced by polar bears in a rapidly changing Arctic environment. As visitors actively controlled a virtual polar bear avatar, they experienced firsthand the energy demands of navigating an environment with rapidly melting frozen surfaces on which polar bears walk. Visitors, both children and adults, physically mimicked the bear’s movements by engaging in a pantomime and “swimming” with weighted gloves resembling polar bear paws. The gloves added resistance, simulating the effort required to propel through water on a pressure-sensitive mat, providing feedback on walking speed and energy expenditure. As the simulation progressed, reflecting the melting of sea ice due to climate change, the virtual bear had to swim longer distances and expend more energy. This experience mirrored the real-life struggles of polar bears, effectively educating visitors about the impacts of climate change on Arctic ecosystems.




2.3. Human–Pet Relationships as Sites for Learning with AR


These precedents described above demonstrate that AR provides a powerful medium for exploring human–animal coexistence in everyday settings. While prior AR work often emphasizes wildlife or conservation contexts, domestic human–pet relationships offer uniquely personal and accessible entry points into sustainability learning. Such relationships make visible humans’ entanglement within nature and challenge anthropocentric assumptions that position animals merely as research subjects or companions [31,32]. By simulating how pets perceive their surroundings, AR filters allow learners to access the umwelt. For example, youth using AR filters to understand cat or dog vision can adjust their play or caregiving behaviors based on how their pets see and respond to color, movement, and texture. These adaptive, reciprocal interactions exemplify co-creative learning, in which humans and animals mutually influence one another’s actions and understanding.



AR-mediated learning aligns with sustainability education goals by enabling users to perceive complexity and interdependence across ecological systems while experiencing empathy and care. Studies show that AR and VR applications can promote environmental stewardship, conservation behaviors, and scientific engagement [30,33,34,35,36,37,38,39,40,41]. Immersive simulations of endangered species [40], environmental change [20,29], and even virtual pets [18,42] have lasting effects on awareness and real-world actions [43,44,45,46,47]. Despite these advances, little research has examined how AR-mediated inquiry unfolds in domestic, multispecies contexts—spaces where sustainability learning naturally intersects with everyday life. We address that gap by analyzing how adolescents use AR filters to explore their pets’ sensory worlds, fostering AER, a process that cultivates care, ecological literacy, and ethical awareness through direct engagement with more-than-human companions.



We propose AER as a process that counteracts deeply ingrained anthropocentric biases limiting human understanding of ecological systems. Building on research in learning sciences, human–computer interaction, and more-than-human design, AER integrates AR technologies with embodied inquiry, requiring learners to engage physically, affectively, and sensorially with their environments. Through such embodied and mediated engagements, learners move beyond detached observation toward active participation within multispecies ecologies. At the center of AER are AR tools (pet vision filters in this study), that simulate the sensory perspectives, or umwelten, of cats and dogs. These tools make otherwise invisible ecological and perceptual dimensions visible and immediate, inviting learners to ask: What does a cat or dog see? How does this perception shape daily life in a home shared by humans and pet species? Engaging with these altered perceptual frames encourages inquiry into animals’ sensory and behavioral experiences as situated phenomena. Understanding creatures’ distinct umwelten demands a willingness to enter another species’ perceptual world and to consider what it means to be that creature [11]. AER thus emerges as a relational process—an assemblage of human and more-than-human perceptions and behaviors entangled through digital mediation. Since learning is inherently social and collaborative, emerging through interaction and shared activity [48], we see learning with pets unfolds through ongoing relations among human and non-human actors [49]. Within these relational networks, AR technologies serve as mediators of perception and reflection. This transforms how learners perceive, relate to, and care for other beings. Simply put, AER foregrounds how learners’ relational sense-making emerges through repeated cycles of noticing, interpretation, and action, shaped by both the AR filters and ongoing relationships with more-than-human companions. Through empirical analysis, we demonstrate how AER unfolds in practice within everyday contexts. In the following sections, we detail our study methods, including the setting, workshop details, data collection, and analytical strategy, and present our study findings.





3. Methods


3.1. Authors’ Positionality


Children and youth worldwide know cats and dogs as companion animals; through these companions, they become aware of various issues, from mammals’ life cycles and predator–prey relationships in nature to power dynamics within multispecies relationships at home. As individuals, the authors grew up in very different urban, global communities where human adults claimed the most power and authority, followed by children and pets. Pets, in turn, were more valuable than ‘other’ animals, such as animals we considered food, pests, etc. In these contexts, learning about pets was meant to minimize distress to animals and keep pets out of harm’s way rather than an area of legitimate scientific curiosity. Our analysis and analytical strategy that we share below sits at the intersection of the above factors, our current and past disciplinary affiliations, and our responsibility towards scientific integrity in analyzing the participants’ experiences at the workshop.




3.2. Recruitment


We recruited adolescents aged 13 to 18 through a university-run STEM mailing list. Youth on the mailing list had previously engaged in STEM summer programs and sought online summer camps. The summer camp was advertised with a focus on exploring the “secret lives of pets” and was free to participants based on its grant sponsorship. We required each participant to have at least one cat or dog, including fosters, and internet and computer access. Along with nine dogs and five cats, 13 adolescents joined the program. Two participants did not complete the workshop, and two others did not complete all workshop activities. In this paper, we analyze nine of the remaining participants’ work (see “Data Analysis” (Section 3.4) below for the reasoning). All human and pet names are pseudonyms.




3.3. Study Design


The workshop was conducted in the summer of 2020, during the COVID-19 pandemic, as a virtual two-week-long engagement. Every workshop session was designed to situate scientific inquiry into pets’ sensory experiences at home. Every participant received a box of materials containing pet toys, cat or dog treats, and craft materials to support their remote participation. We held synchronous workshop sessions for an hour every day, five days a week, for both weeks. Each session began with a discussion topic and was followed by an overview of at-home activities that participants had to complete. The next day, participants shared the outcome of at-home activities.



We used work in the fields of Human– and Animal–Computer Interaction (HCI and ACI) to develop structured reflection tools that youth used to document pets’ interactions with artifacts and events in and around the home, and two AR filters, Doggy Vision and Kitty Vision [12] that approximated selective color vision and acuity as experienced by dogs and cats, respectively. The filters were designed for the popular application Snapchat for use on mobile phone devices. We designed the first week of camp to foster youth investigating their pet’s senses and behaviors through perspective-taking and reflection. During this week, participants first engaged in a scavenger hunt of objects and places in and around their homes that appealed to them and their pets, and captured photographs of these using the filters. Next, during the synchronous workshop meeting, the participants explained to others the appeal of these objects and places. Together, the participants discussed how the world around them appeared differently to the pets and how these differences explained some aspects of the pets’ behavior at home. We dedicated the second week of camp for participants to work on co-design projects that enriched some aspects of their pets’ lives. We scaffolded participants’ observations of pets’ responses to their design by discussing and recording pets’ body language in general and in response to specific events. These structured explorations and reflections aided participants in scientific discovery in Week 1 and in supporting their co-design projects’ ideation, evaluation, and iteration in Week 2. We recorded all synchronous workshop sessions and post-workshop interviews with each of the nine participants. We facilitated several discussions using collaborative Google documents and breakout groups. Each participant also recorded their work in a personal Google Slides document called their Pet Blog. After the workshop ended, we interviewed each participant to learn more about their camp experiences. We saved participants’ Pet Blogs, including their notes, responses to prompts, and digital photographs.




3.4. Data Analysis


We present our findings in the qualitative research tradition of a case study meant to capture the complexity of the human youth–pet relationship at home and focus on the individual human–pet relationship, mediated by the AR tools, within the ecology of their home. We used multiple data sources (transcripts of the synchronous workshop sessions, pet blogs created by participants, and transcripts of post-workshop interviews) to fully develop a participant narrative account for each participant [50,51]. The multiple sources of information helped us analyze a real-life, contemporary bounded system over time through detailed, in-depth data collection [52], helping us triangulate the participants’ interpretation of activities at the workshop.



We began by open coding [53] the participant cases to identify productive initial codes that would help us answer our research questions. Based on our goals aligned in the theoretical framework, we identified the following codes: talking about pets (likes, dislikes, quirks, habits, and indicators for each), talking about pets’ interactions (positive, neutral, problematic, indicator for each, and reason for thinking so), and finding out more about pets (reason for inquiry, suitable processes, knowledge of other things needed, rationale for process). This step helped us understand how the teens discussed their pets within the context of their unique relationship with the pets and their home setting. Next, we organized the codes into three secondary analytical, or axial categories (knowledge of pets, knowledge of context, and pets’ interactions at home) and simultaneously analyzed the observations following the AR filter use. This step is important because the participants studied their pets’ behavior in an everyday context. As a result, they deemed these aspects essential and worthy of detailing, given their direct relevance to everyday life at home and their evident presence in discussions about the pets. Therefore, analyzing the participants’ talk about the topics of the observations gave us details of their individual contexts, especially in relation to learning as the ability to notice increasingly complex interactions. In a final round of analysis, we identified the following themes that described their motivations for the observations: the importance of the events observed; the value added to pets’ life; and long- and short-term implications of the observed event. Figure 1 previews these analytical steps.



Two researchers agreed on the salient actions, meanings, and forms of noticing, the initial codes, and their organization into secondary analytic categories (axial categories) that captured patterns across cases, including knowledge of pets, knowledge of context, and pets’ interactions at home. Disagreements were resolved through discussion and re-examination of the data, and analytic memos were used to track emerging interpretations and ensure consistency across cases. We report our findings related to these themes as possible implications and consequences of observations, a feeling of responsibility towards pets, and a sense of belonging and ownership.



We present six participants’ projects in Table 1, selected for the distinctive nature of their inquiries. The three remaining participants conducted projects conceptually similar to those included here. To provide deeper insight into the processes of investigation and interpretation, we describe two participants’ projects in detail. Both participants, teen girls, developed projects that deepened their understanding of pet behavior through stepwise investigations, drawing on multiple observations to construct and articulate insights into their pets’ lives. The two cases also represent distinct orientations to companionship: one participant worked with a long-loved childhood pet, the other with foster kittens later adopted at the workshop’s end. These shared approaches, despite contrasting relationships, allow examination of variation in insight. Focusing on two participants enables a nuanced case analysis within this paper’s scope. Other participants’ projects also met the analytic criteria and are described in brief in Table 1 and elsewhere [12]. Overall, our qualitative analysis is descriptive and interpretive [54], emphasizing commonalities and differences among participants as agents acting with tools and canine or feline others within their home ecosystems. The analytic dimensions presented in the findings emerged inductively through cross-case analysis of participants’ inquiries. are grounded in participants’ observations, reflections, and design decisions, and hence, resonate with our theoretical framing of AER.



By examining how AER unfolds across a small number of richly documented cases, we elaborate AER as a process, while making visible the kind of and opportunities for noticing that qualify as AER. The findings are intended to inform theory and design in contexts with similar relational and ecological characteristics, rather than to represent adolescents’ experiences more broadly.





4. Findings


4.1. AER Across Cases


Table 1 consolidates the projects participants designed and carried out open-ended investigations using DoggyVision and KittyVision AR filters, situating their learning within everyday routines and relational contexts. Their projects ranged from exploring pets’ sensory experiences (Luna & Rocco; Evee & Saskia) and play preferences (Siobhan & Tigger; Violet & Billie) to redesigning aspects of home environments to enhance comfort and safety (Adriana & Wally; Isabel & Leela). Across cases, participants demonstrated AER—the process of noticing, questioning, and interpreting multispecies relationships through embodied, tool-mediated inquiry. The use of AR filters encouraged participants to move beyond assumptions about their pets’ behavior and to consider how sensory, emotional, and environmental factors co-produce experience. Their projects evolved through iterative observation and reflection. guided by an attentiveness to the animals’ well-being. Together, these inquiries illustrate how simple, home-based investigations can transform everyday human–pet relationships into sites of ecological awareness and collaborative learning.




4.2. Luna and Rocco: Can a Dog Really Like to Watch TV?


In this section, we summarize participants’ experiences at the workshop, followed by two participant cases, Luna and Rocco, and Siobhan and Tigger, and our analysis of both cases. The findings are also consolidated in Table 1 and Table 2 and are supported by Figure 2 and Figure 3. Specifically, Luna, a fifteen-year-old participant, observed that her four-year-old French bulldog, Rocco (Figure 2a–c), appeared fascinated by television: “Rocco not only likes it but is super interested… won’t look away.” Curious about why, she designed an informal investigation using the DoggyVision AR filter to simulate Rocco’s visual perception. Having heard of TV programs for dogs [55], Luna hypothesized that Rocco either enjoyed the social experience of watching with humans or the sensory content itself. “Rocco really likes these words and sounds because they result in positive things like playing or fun experiences.” Her first observation during family news time showed Rocco’s disinterest, suggesting that companionship alone did not explain his behavior. She then tested various shows, noting Rocco’s strong responses to specific stimuli: barking and buzzing sounds, images of dogs and balls, and rapid motion. “He’s intrigued by vibrating and buzzing sounds. He likes to chase bees.” Through the AR filter, Luna realized that blue objects appeared in sharper contrast than reds or yellows, leading her to infer that Rocco’s excitement might relate to his color perception. When Rocco watched scenes with dogs playing or barking, he sat alert, ears perked, occasionally barking at the screen (Figure 2d–j).



Luna’s ongoing inquiry revealed how AR tools can mediate AER, in this case, a process of noticing, questioning, and reinterpreting interspecies relationships through embodied observation. By alternating between Rocco’s and her own perspectives, she recognized that understanding her pet required attentiveness to both sensory and contextual cues. Later, Luna expanded her investigation, testing whether Rocco’s excitement stemmed from associations with playtime. She concluded that his reactions reflected learned emotional links between certain sights and sounds and positive experiences. “I need to encourage Rocco to change what he thinks of (the sounds) and what will happen when he hears them.” Luna’s inquiry into Rocco’s behavior is detailed in Figure 2.




4.3. Siobhan and Tigger: Cats Are Picky About Toys


Siobhan, fifteen, considered herself a cat expert and felt responsible for helping others understand cats’ unique behaviors. After losing her childhood cat, Pippa, she fostered an eight-week-old kitten, Tigger (Figure 3a,b), determined to study his preferences and make him comfortable. She noted that many people struggle to “get along with cats,” attributing this to a misunderstanding of feline cues, since, “Cats are generally picky about almost everything,” and, “Cats are different… you teach a cat to like people (in) the first few weeks of their lives.” Using the KittyVision AR filter, Siobhan investigated how Tigger perceived his surroundings. Watching him track birds outside the window (Figure 3c,d), she realized that colors appeared muted—mostly shades of brown and blue—and that movement, rather than color, drew his attention. Through this embodied perspective, she began to see her room as part of Tigger’s perceptual ecosystem (Figure 3e). She observed, “Clearly, colors don’t matter that much to cats, but texture probably affects (cats’ choice of toys),” to test her ideas, Siobhan created four versions of a flower-shaped toy from different materials: plastic, brown paper, construction paper, and felt (Figure 3f). Controlling for color, she observed how texture and movement affected play. Tigger preferred toys that slid easily across the floor and produced soft sounds, using his claws “in a happy, loving way.” “He liked the ones he could bat easily across the floor.” Building on these observations, she designed a teaser wand with felt triangles, strings, and a bell (Figure 3g–j) to appeal to Tigger’s hunting instincts. “Even though his vision is limited, his hearing and his smell are also adapted… for living in the wild.” Through AER, alternating between her own and the cat’s sensory viewpoints, Siobhan reframed play as a co-creative learning process. In this case, AR enabled her to recognize how texture, sound, and motion shape Tigger’s engagement and well-being. Her inquiry exemplified AER’s potential to transform everyday care into ecological understanding, fostering ethical care and responsibility, and systems awareness in human–animal relationships.




4.4. From Human–Pet Companionship to AER


Across the cases, participants’ observations demonstrate that learning with AR tools transformed ordinary human–pet companionship into AER, a way of understanding multispecies life as interconnected, dynamic, and context-dependent. Using the filters to view their homes through their pets’ senses, participants quickly realized that animals’ perceptions diverged sharply from their own. Colors, for example, held little meaning for the animals, whereas movement, sound, and texture emerged as key perceptual cues. These observations prompted participants to investigate how pets interpret and act within shared human environments, revealing that to understand their pets, they needed to understand the ecological system in which those pets lived.



Table 2 synthesizes the findings across all participant cases by identifying the key dimensions of AER that emerged through the teens’ inquiries. These shared processes characterize how participants learned with and about their pets through AR-mediated exploration. Each dimension represents a recurring pattern of interaction—such as observation, reflection, and care—that, together, define AER as a relational and embodied form of learning. Table 2 links these conceptual dimensions to concrete examples from specific cases, illustrating how AER was enacted in practice: simple, everyday investigations evolved into complex, multispecies engagements, where learners became attuned to interdependence within their home ecosystems.



4.4.1. Pets’ Worlds Are Complex and Interconnected


Across the cases, participants used AR filters to investigate how their pets perceive and interact within shared domestic environments. Luna discovered that her dog Rocco experienced television primarily through sound and movement rather than visuals, prompting her to reconsider what “watching TV” might mean for a dog. Siobhan, observing her foster kitten Tigger, recognized that sensory and behavioral differences required patience and careful interpretation to support the kitten’s comfort and development. Violet’s experiments with Billie revealed that color alone did not explain toy preference; setting and familiarity also played key roles, while Adriana’s design of a resting crate for Wally showed how emotional states such as comfort or territoriality shaped her design decisions.



Each participant’s inquiry highlighted the web of relationships connecting humans, pets, technologies, and environments. Human expectations, animal personalities, household routines, and sensory conditions such as light, sound, and space formed interdependent systems influencing behavior. Isabel’s construction of an outdoor enclosure for her cats, Leela and Nigella, balanced safety with their need for exploration, illustrating how ethical and environmental considerations are inseparable. Similarly, Evee’s exploration of her cat, Saskia’s feeding behavior demonstrated how subtle factors, lighting, texture, and time of day, affected engagement. Through these inquiries, participants came to view learning not as isolated problem-solving but as relational system mapping, recognizing how each element of the home ecosystem shapes others.




4.4.2. Growing Understanding Beyond Companionship


Engaging with AR filters encouraged participants to reimagine their pets as co-learners and co-actors rather than passive companions. Luna’s iterative exploration of Rocco’s auditory responses reshaped her caregiving, making her more attuned to environmental noise and comfort. Siobhan’s design process evolved from casual play to systematic experimentation with texture, sound, and motion, fostering curiosity and trust. Violet, Adriana, Isabel, and Evee likewise refined their relationships through cycles of observation, testing, and reflection, developing care grounded not in sentiment but in sustained, evidence-based attention to animal agency and environmental interdependence. These projects demonstrate how, through AER, learners situate themselves within their own ecosystems, enabling them to perceive their pets’ sensory and behavioral experiences as part of a larger, entangled ecology. Through AER, participants moved beyond companionship toward co-constructed learning relationships characterized by curiosity, care, and contextual awareness. Their embodied, iterative inquiries demonstrate how technological mediation can expand ecological literacy, revealing the complexity of more-than-human life and positioning everyday human–animal relations as powerful entry points for reflective, relational learning.





4.5. Summary of Findings: AER Supported Learning


Across all cases, participants engaged in AER to examine pets’ activities in relation to the biological, technological, and social systems of their homes, refining their understanding through cycles of observation and reflection while acknowledging the partial and situated nature of their knowledge. Participants displayed a strong sense of ethical responsibility, recognizing that misinterpretation could affect their pets’ well-being. Their inquiries also revealed axiological reasoning, i.e., decisions guided by values as much as by knowledge. Luna adjusted her interpretations of Rocco’s reactions to ensure his comfort; Siobhan refined her toy designs to support Tigger’s development; Isabel balanced her cats’ safety with their autonomy; and Adriana prioritized Wally’s sense of security. Such choices distinguished their work from purely cognitive or technical exercises, framing AER as both a value-laden and ecological process. Our analysis shows that participants recognized the intricate networks linking humans, animals, technologies, and environments. AR tools made these interdependencies perceptible, helping participants see how sounds, movements, and spatial configurations co-produce behavior. Ultimately, AER represents a form of common-world inquiry, a dynamic, reflective, and ethically attuned engagement with the interdependencies that shape life within human–animal ecosystems.





5. Discussion & Implications


In this paper, we examined how adolescents used AR tools to engage in AER and explore the perceptual worlds of their pets and, in doing so, reconfigured their understanding of everyday human–animal relationships. Learners’ engagement in AER reflected a recognition that homes are multispecies ecosystems in which humans, animals, technologies, and materials coexist and co-shape one another. By situating inquiry in familiar settings and attending to sensory, emotional, and ethical dimensions, participants began to see learning about pets as relational and iterative, a process of interpreting and acting within entangled systems. The use of AR filters made visible aspects of animal perception normally inaccessible to humans, helping participants experience the world through another being’s sensory register. This perceptual shift fostered a form of relational attention grounded in empathy, attentiveness, and care. Participants’ inquiries illustrated how everyday relationships can become innovative learning environments when technologies invite learners to notice, question, and reflect on more-than-human experiences. Whereas prior work on AR in sustainability settings [18,19,20] treated technology as representational or supplementary, AER foregrounds technological mediation as central to how relational, ethical, and ecological sense-making unfolds. Through such engagements, participants developed a deeper awareness of interdependence and the partial, situated nature of their knowledge. These findings illustrate how innovative learning environments for sustainability can be enacted through relational, multispecies inquiry embedded in everyday life and extend common worlds [4] scholarship by showing how everyday domestic spaces can function as sites of sustained, relational inquiry when learners attend to more-than-human perception and agency.



5.1. AER as Tools for Critical Inquiry


Participants connected their inquiry to the values and consequences of their findings, prompting deeper reflection on their learning practices. Central questions emerged, such as “What defines the relationships between humans and more-than-human creatures?” and “How do we truly understand another being?” These questions required the teens to think in new ways, recognizing the ethical dimensions of interacting with the world. They grew comfortable with the idea that their knowledge of their pets was embedded within an ecosystem’s complex, entangled, and changing relationships. This perspective encouraged them to evaluate the potential gains, losses, and trade-offs of their actions from a relational standpoint, which is crucial for science learning [56,57]. This shift from a first-person perspective to a relational way of being [58] represents a move from simply knowing about and acting on the world to knowing and acting with it, is key to AER and broadens the focus of technologically rich learning environments to include the complexities of epistemologies, tools, and practices. Embracing this relational way of being through accessible AR filters and other tools that reveal hidden experiences in nature can help learners explore the persistent hierarchies that shape what and how we know, emphasizing the importance of ongoing, human entanglements with nature as essential sites for learning. In this way, AER aligns with relational and care-centered accounts of science learning [59], while extending them by showing how ethical reflection emerges through perceptual and embodied engagement mediated by digital tools.



Theoretically, this paper contributes AER as a process-oriented account of learning that integrates multispecies relations, embodied inquiry, and technological mediation. Methodologically, the paper demonstrates how fine-grained, qualitative analysis of AR-mediated inquiry in domestic settings can surface learning processes that are often overlooked. Practically, the paper suggests design principles for innovative learning environments that prioritize relational engagement, ethical reflection, and iterative sense-making over passively learning about more-than-human experiences. For educators and designers, the findings point to the value of situating learning in everyday contexts and using tools that invite learners to notice what is typically overlooked in human-centered environments.




5.2. Future Directions for AER


The study participants demonstrated a clear awareness of the elevated status of pet cats and dogs as animal companions, as reflected in their discussions about pet care, training, and the distinct needs of these animals compared to those of humans. Their involvement in the workshop suggests that these teens may have viewed pets as having a higher status than other animals, such as rodents, birds, and insects. These non-pet animals were perceived as part of nature—wild, often bothersome, and sometimes instigators of conflicts with their pets. In contrast, pets were considered integral to human culture, living in a hybrid existence within the larger ecosystem. This distinction raises essential questions about how children and youth might relate to other animals in their interactions. Many creatures entangled in everyday human lives, such as insects, rodents, and wild animals, do not enjoy the same social endorsement as pets, yet they have significant ecological implications. We ask: What might foster an ecological and relational understanding of non-domestic, more-than-human creatures? The AR filters used in our study can potentially reveal different ecologies to learners, prompting them to ask important questions and support their ability to relate to these creatures. However, inherited cultural attitudes and entanglements also shape how learners perceive and relate to these creatures. We find that tools like AR filters can play a crucial role in AER, revealing the roles and subjectivities of other species, and encouraging a shift towards more-than-human-centered perspectives. With thoughtful design and a commitment to ethical and just ways of thinking, such activity systems could serve as portals into multispecies worlding [9,60], where humans and diverse more-than-humans can examine, understand, and transform our shared ecosystems and ways of being together. We look forward to future explorations of productive tools and practices that enable these meaningful connections within informal learning and sustainability education.





6. Conclusions


Our findings extend prior research on embodied and relational learning by demonstrating how technological mediation can support sustained, everyday multispecies inquiry, rather than episodic or symbolic encounters. Consistent with studies emphasizing relational and ethical dimensions of sustainability learning, participants’ inquiries foregrounded care, responsibility, and interdependence. At the same time, AER extends this literature by specifying how perceptual decentering, enabled through AR, can afford iterative cycles of noticing and reflection within familiar environments, offering a concrete mechanism for enacting and studying relational learning in practice.



While AER offers a productive lens for examining multispecies learning, it also raises important tensions. First, AR filters inevitably involve approximation and interpretation, and there is a risk of anthropomorphic projection when learners attempt to infer animals’ experiences. Rather than resolving this tension, AER makes it visible, inviting learners to grapple with the limits of human understanding and to approach more-than-human perspectives with humility.



Second, the study foregrounds pets as accessible entry points for relational inquiry, but this focus also highlights persistent hierarchies among more-than-human beings. Finally, access to AR technologies is uneven, raising questions of equity. We emphasize that AER should be understood as a design orientation and learning process, not as a technology-dependent model; future work should explore how similar forms of relational inquiry might be supported through low-tech or community-based approaches.







Author Contributions


Conceptualization, P.P.; Methodology, P.P.; Validation, J.L.P. and R.B.S.; Formal analysis, P.P.; Investigation, J.L.P. and R.B.S.; Resources, J.L.P. and R.B.S.; Data curation, R.B.S.; Writing—original draft, P.P.; Writing—review & editing, P.P., J.L.P. and R.B.S.; Supervision, J.L.P. and R.B.S.; Project administration, J.L.P. and R.B.S.; Funding acquisition, J.L.P. and R.B.S. All authors have read and agreed to the published version of the manuscript.




Funding


This material is based upon work supported by the Unites States National Science Foundation under Grant No. 1736051.




Institutional Review Board Statement


The study was approved by the Office of Research Integrity University of Colorado Boulder Institutional Review Board (protocol code 20-0269, date of approval 10 June 2020, renewed on 25 August 2025).




Informed Consent Statement


Informed consent was obtained from adults accompanying all subjects involved in the study. Since the subjects were minors, they assented to their participation in the study.




Data Availability Statement


The original contributions presented in this study are included in the article. Further inquiries can be directed to the corresponding author.




Acknowledgments


The authors would like to express our gratitude to Mike Eisenberg, Shaun Kane, Annie Kelly, Gabriella Johnson, and Mary Yoder for their unique and valuable contributions to this project. We also appreciate the partnership of the Science Discovery program at University of Colorado Boulder. Finally, this work would not have been possible without the engagement of the participants in the Secret Lives of Pets program; we are grateful for each youth’s willingness to share their perspectives and insights.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Yong, E. An Immense World: How Animal Senses Reveal the Hidden Realms Around Us; Random House: New York, NY, USA, 2022. [Google Scholar]

	



Riechers, M.; Loos, J.; Balázsi, Á.; García-Llorente, M.; Bieling, C.; Burgos-Ayala, A.; West, S. Key Advantages of the Leverage Points Perspective to Shape Human-Nature Relations. Ecosyst. People 2021, 17, 205–214. [Google Scholar] [CrossRef]

	



Walsh, Z.; Böhme, J.; Wamsler, C. Towards a Relational Paradigm in Sustainability Research, Practice, and Education. Ambio 2021, 50, 74–84. [Google Scholar] [CrossRef]

	



Taylor, A. Reconfiguring the Natures of Childhood; Routledge: London, UK, 2013. [Google Scholar]

	



UNESCO. Education for Sustainable Development Goals: Learning Objectives; United Nations Educational, Scientific and Cultural Organization: Paris, France, 2017. [Google Scholar]

	



Demisse, Y.N.; Biemans, H.J.A.; Wesselink, R.; Mulder, M. Fostering Students’ Systems Thinking Competence for Sustainability by Using Multiple Real-World Learning Approaches. Environ. Educ. Res. 2023, 29, 261–286. [Google Scholar] [CrossRef]

	



Macagno, T.; Nguyen-Quoc, A.; Jarvis, S. Nurturing Sustainability Change-Makers through Transformative Learning Using Design Thinking: Evidence from an Exploratory Qualitative Study. Sustainability 2024, 16, 1243. [Google Scholar] [CrossRef]

	



Redman, A.; Wiek, A. Competencies for Advancing Transformations Towards Sustainability. Front. Educ. 2021, 6, 785163. [Google Scholar] [CrossRef]

	



Haraway, D.J. Staying with the Trouble: Making Kin in the Chthulucene; Duke University Press: Durham, NC, USA, 2020. [Google Scholar]

	



von Uexküll, J. An Introduction to Umwelt. Semiotica 2001, 134, 107–110. [Google Scholar] [CrossRef]

	



Nagel, T. What Is It Like to Be a Bat? Philos. Rev. 1974, 83, 435–450. [Google Scholar] [CrossRef]

	



Parekh, P.; Polman, J.L.; Kane, S.; Shapiro, R.B. Reconfiguring Science Education through Caring Human Inquiry and Design with Pets. J. Learn. Sci. 2023, 32, 487–533. [Google Scholar] [CrossRef]

	



Maurstad, A.; Davis, D.; Cowles, S. Co-Being and Intra-Action in Horse-Human Relationships: A Multi-Species Ethnography of Be(Com)Ing Human and Be(Com)Ing Horse. Soc. Anthropol. 2013, 21, 322–335. [Google Scholar] [CrossRef]

	



McGowan, V.C.; Bell, P. Cultivating Ecological Care and Responsibility through Complex Systems Modelling and Investigations. Educ. Dev. Psychol. 2022, 39, 116–131. [Google Scholar] [CrossRef]

	



Brown, J.S.; Collins, A.; Duguid, P. Situated Cognition and the Culture of Learning. Educ. Res. 1989, 18, 32–42. [Google Scholar] [CrossRef]

	



Moriya, K.; Iio, T.; Shingai, Y.; Morita, T.; Kusunoki, F.; Inagaki, S.; Mizoguchi, H. Playing with Invisible Animals: An Interactive System of Floor-Projected Footprints to Encourage Children’s Imagination. Int. J. Child-Comput. Interact. 2022, 32, 100407. [Google Scholar] [CrossRef]

	



Olim, S.C.; Nisi, V.; Romão, T. Augmented Reality Interactive Experiences for Multi-Level Chemistry Understanding. Int. J. Child-Comput. Interact. 2024, 42, 100681. [Google Scholar] [CrossRef]

	



Oxley, J.A.; Santa, K.; Meyer, G.; Westgarth, C. A Systematic Scoping Review of Human-Dog Interactions in Virtual and Augmented Reality: The Use of Virtual Dog Models and Immersive Equipment. Front. Virtual Real. 2022, 3, 12. [Google Scholar] [CrossRef]

	



Perry, J.; Klopfer, E.; Norton, M.; Sutch, D.; Sandford, R.; Facer, K. Ar Gone Wild: Two Approaches to Using Augmented Reality Learning Games in Zoos. In Proceedings of the 8th International Conference on Learning Sciences, Utrecht, The Netherlands, 23–27 June 2008; pp. 322–329. [Google Scholar]

	



Lyons, L.; Slattery, B.; Jimenez Pazmino, P.; Lopez, B.; Moher, T. Don’t Forget about the Sweat: Effortful Embodied Interaction in Support of Learning. In Proceedings of the 6th International Conference on Tangible Embedded Embodied Interaction, Kingston, ON, Canada, 19–22 February 2012; pp. 77–84. [Google Scholar]

	



Häggström, M. Lived Experiences of Being-in-the-Forest as Experiential Sharing with the More-Than-Human World. Environ. Educ. Res. 2019, 25, 1334–1346. [Google Scholar] [CrossRef]

	



Moher, T. Embedded Phenomena: Supporting Science Learning with Classroom-Sized Distributed Simulations. In Proceedings of the SIGCHI Conference on Human Factors in Computing Systems (CHI), Montreal, QC, Canada, 22–27 April 2006; pp. 691–700. [Google Scholar] [CrossRef]

	



Renshaw, P.; Jackson, K.; Mortlock, H.; Tooth, R. Enchantment and Digital Technologies: Cultivating Children’s Enchantment with the More-Than-Human through Video-Walks in Local Places. J. Environ. Educ. 2023, 54, 20–32. [Google Scholar] [CrossRef]

	



Caiola, V.; Cusumano, E.; Motta, M.; Piro, L.; Gelsomini, M.; Morra, D.; Rizvi, M.; Matera, M. Designing Integrated Physical–Digital Systems for Children–Nature Interaction. Int. J. Child-Comput. Interact. 2023, 36, 100582. [Google Scholar] [CrossRef]

	



Shapiro, H.G.; Peterson, M.N.; Stevenson, K.T.; Frew, K.N.; Langerhans, R.B. Wildlife Species Preferences Differ Among Children in Continental and Island Locations. Environ. Conserv. 2017, 44, 389–396. [Google Scholar] [CrossRef][Green Version]

	



Borgi, M.; Cirulli, F. Pet Face: Mechanisms Underlying Human-Animal Relationships. Front. Psychol. 2016, 7, 298. [Google Scholar] [CrossRef]

	



Hawkins, R.D.; Williams, J.M. The Development and Pilot Evaluation of a ‘Serious Game’ to Promote Positive Child-Animal Interactions. Hum.-Anim. Interact. Bull. 2020, 8, 1–25. [Google Scholar] [CrossRef]

	



Simeonsdotter Svensson, A. The Impact of the Animals on Children’s Learning and Their Development: A Study of What Children Learn from and with Pets: The Example of Dog and Cat. Probl. Educ. 21st Century 2014, 59, 77–85. [Google Scholar] [CrossRef]

	



Slattery, B.; Lyons, L.; Jimenez Pazmino, P.; Lopez, B.; Silva, T.; Moher, T. How Interpreters Make Use of Technological Supports in an Interactive Zoo Exhibit. In Proceedings of the 11th International Conference of the Learning Sciences, Boulder, CO, USA, 23–27 June 2014; Volume 1, pp. 198–205. Available online: https://repository.isls.org//handle/1/1113 (accessed on 10 December 2025).

	



Beckett, K.L.; Shaffer, D.W. Augmented by Reality: The Pedagogical Praxis of Urban Planning as a Pathway to Ecological Thinking. J. Educ. Comput. Res. 2005, 33, 31–52. [Google Scholar] [CrossRef]

	



Garner, S. The ‘Necessity’ of Animal Research Does Not Mean It’s Ethical. NPR. 14 February 2016. Available online: https://www.npr.org/sections/13.7/2016/02/14/464265210/the-necessity-of-animal-resea (accessed on 10 December 2025).

	



Rossi, J.; Garner, S.A. Industrial Farm Animal Production: A Comprehensive Moral Critique. J. Agric. Environ. Ethics 2014, 27, 479–522. [Google Scholar] [CrossRef]

	



Dunleavy, M.; Dede, C.; Mitchell, R. Affordances and Limitations of Immersive Participatory Augmented Reality Simulations for Teaching and Learning. J. Sci. Educ. Technol. 2020, 18, 7–22. [Google Scholar] [CrossRef]

	



Klopfer, E.; Squire, K. Environmental Detectives—The Development of an Augmented Reality Platform for Environmental Simulations. Educ. Technol. Res. Dev. 2008, 56, 203–228. [Google Scholar] [CrossRef]

	



Huang, T.-C.; Chen, C.-C.; Chou, Y.-W. Animating Eco-Education: To See, Feel, and Discover in an Augmented Reality-Based Experiential Learning Environment. Comput. Educ. 2016, 96, 72–82. [Google Scholar] [CrossRef]

	



Herodotou, C.; Ismail, N.; Aristeidou, M.; Miller, G.; Benavides Lahnstein, A.I.; Ghadiri Khanaposhtani, M.; Robinson, L.D.; Ballard, H.L. Online Community and Citizen Science Supports Environmental Science Learning by Young People. Comput. Educ. 2022, 184, 104515. [Google Scholar] [CrossRef] [PubMed]

	



Hewitt, N.; Wood, S.; Wilson, B. Ecosystem Education with Augmented Reality: A Flexible Tool for In-Field Learning. Prof. Geogr. 2022, 75, 577–590. [Google Scholar] [CrossRef]

	



Kamarainen, A.M.; Metcalf, S.; Grotzer, T.; Browne, A.; Mazzuca, D.; Tutwiler, M.S.; Dede, C. Ecomobile: Integrating Augmented Reality and Probeware with Environmental Education Field Trips. Comput. Educ. 2013, 68, 545–556. [Google Scholar] [CrossRef]

	



Ryokai, K.; Agogino, A. Off the Paved Paths: Exploring Nature with a Mobile Augmented Reality Learning Tool. Int. J. Mobile Hum. Comput. Interact. 2013, 5, 29. [Google Scholar] [CrossRef]

	



Dunn, M.E.; Shah, G.; Veríssimo, D. Stepping into the Wildeverse: Evaluating the Impact of Augmented Reality Mobile Gaming on Pro-Conservation Behaviours. People Nat. 2021, 3, 1205–1217. [Google Scholar] [CrossRef]

	



Lu, S.-J.; Liu, Y.-C. Integrating Augmented Reality Technology to Enhance Children’s Learning in Marine Education. Environ. Educ. Res. 2015, 21, 525–541. [Google Scholar] [CrossRef]

	



Lin, C.; Faas, T.; Brady, E. Exploring Affection-Oriented Virtual Pet Game Design Strategies in VR Attachment, Motivations and Expectations of Users of Pet Games. In Proceedings of the 7th International Conference on Affective Computing and Intelligent Interaction (ACII), San Antonio, TX, USA, 23–26 October 2017; pp. 362–369. [Google Scholar] [CrossRef]

	



Botella, C.; Bretón-López, J.; Quero, S.; Baños, R.; García-Palacios, A. Treating Cockroach Phobia with Augmented Reality. Behav. Ther. 2010, 41, 401–413. [Google Scholar] [CrossRef] [PubMed]

	



Farrell, L.J.; Miyamoto, T.; Donovan, C.L.; Waters, A.M.; Krisch, K.A.; Ollendick, T.H. Virtual Reality One-Session Treatment of Child-Specific Phobia of Dogs: A Controlled, Multiple Baseline Case Series. Behav. Ther. 2021, 52, 478–491. [Google Scholar] [CrossRef] [PubMed]

	



Suso-Ribera, C.; Fernández-Álvarez, J.; García-Palacios, A.; Hoffman, H.G.; Bretón-López, J.; Baños, R.M.; Quero, S.; Botella, C. Virtual Reality, Augmented Reality, and In Vivo Exposure Therapy: A Preliminary Comparison of Treatment Efficacy in Small Animal Phobia. Cyberpsychol. Behav. Soc. Netw. 2019, 22, 31–38. [Google Scholar] [CrossRef] [PubMed]

	



Tardif, N.; Therrien, C.; Bouchard, S. Re-Examining Psychological Mechanisms Underlying Virtual Reality-Based Exposure for Spider Phobia. Cyberpsychol. Behav. Soc. Netw. 2019, 22, 39–45. [Google Scholar] [CrossRef]

	



Miller, M.R.; Jun, H.; Herrera, F.; Yu Villa, J.; Welch, G.; Bailenson, J.N. Social Interaction in Augmented Reality. PLoS ONE 2019, 14, e0216290. [Google Scholar] [CrossRef]

	



Gutiérrez, K.D.; Rogoff, B. Cultural Ways of Learning: Individual Traits or Repertoires of Practice. Educ. Res. 2003, 32, 19–25. [Google Scholar] [CrossRef]

	



Latour, B. Reassembling the Social: An Introduction to Actor-Network-Theory; Oxford Univ. Press: Oxford, UK, 2005. [Google Scholar]

	



Polkinghorne, D.E. Language and Meaning: Data Collection in Qualitative Research. J. Couns. Psychol. 2005, 52, 137–145. [Google Scholar] [CrossRef]

	



Van Maanen, J. Great Moments in Ethnography: An Editor’s Introduction. J. Contemp. Ethnogr. 1990, 19, 3–7. [Google Scholar] [CrossRef]

	



Creswell, J.W. Research Design: Qualitative, Quantitative and Mixed Methods Approaches; Sage: Thousand Oaks, CA, USA, 2008. [Google Scholar]

	



Strauss, A.; Corbin, J. Basics of Qualitative Research: Grounded Theory Procedures and Techniques; Sage: Newbury Park, CA, USA, 1990. [Google Scholar]

	



Merriam, S. Qualitative Research: A Guide to Design and Implementation; Jossey-Bass: San Francisco, CA, USA, 2009. [Google Scholar]

	



Hirskyj-Douglas, I.; Read, J.C.; Horton, M. Animal Personas: Representing Dog Stakeholders in Interaction Design. In Proceedings of the 31st International BCS Human Computer Interaction Conference (HCI 2017), Sunderland, UK, 3–6 July 2017. [Google Scholar] [CrossRef]

	



Fauville, G.; Voški, A.; Mado, M.; Bailenson, J.N.; Lantz-Andersson, A. Underwater Virtual Reality for Marine Education and Ocean Literacy: Technological and Psychological Potentials. Environ. Educ. Res. 2024, 32, 1–25. [Google Scholar] [CrossRef]

	



Hurrell, C.; Chai, A.; Green, H.; Bradley, G. Virtual Reality Facilitates Pro-Environmental Behavioural Intentions. Environ. Educ. Res. 2024, 30, 1–28. [Google Scholar] [CrossRef]

	



Zigon, J.; Throop, C.J. Moral Experience: Introduction. Ethos 2014, 42, 1–15. [Google Scholar] [CrossRef]

	



de la Bellacasa, M.P. Matters of care in technoscience: Assembling neglected things. Soc. Stud. Sci. 2011, 41, 85–106. [Google Scholar] [CrossRef] [PubMed]

	



Kirksey, S.E.; Helmreich, S. The Emergence of Multispecies Ethnography. Curr. Anthropol. 2010, 51, 545–571. [Google Scholar] [CrossRef]








[image: Sustainability 18 02399 g001] 





Figure 1. A preview of the analytic steps undertaken to analyze the data sources. 
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Figure 2. Luna and Rocco. (a) Rocco with his favorite toy, a ball; (b) Rocco napping on the couch; (c) Luna captured a portrait of herself and Rocco; (d) Rocco responded to this basketball match by sitting up straight with his ears perked up; (e) the basketball match on TV captured through DoggyVision; (f) the dog chase scene from the movie Up; (g) Rocco responded to the show featuring a human wearing a blue t-shirt and the sound of dogs barking in the background; (h) Rocco sitting up straight with his ears perked up; (i) Rocco sitting with his shoulders hunched and ears down indicating a negative response to TV content; (j) Rocco looking away from the TV screen demonstrating a lack of interest. 
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Figure 3. Siobhan and Tigger. (a) Tigger playing lying down on Siobhan’s lap; (b) Tigger perched on the ramp by the window; (c) the scene outside the window beside the ramp, captured through a regular filter and (d) the KittyVision filter; (e) Siobhan hung a tassel for Tigger from a bookshelf above the ramp; (f) the four versions of the toy Siobhan made for Tigger viewed through a regular filter (top) and the KittyVision filter (bottom); (g–j) Tigger playing with a tassel toy Siobhan made for him by swatting it. 
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Table 1. A summary of participants’ enactment of AER across cases.
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	Participant(s)
	Inquiry Focus/Activity
	AER in Action





	Luna & Rocco (Dog)
	Investigated why Rocco liked watching TV using DoggyVision
	Luna used AR to analyze sensory stimuli (sound, color, motion), shaping Rocco’s interest. She refined her inquiry from color preference to contextual factors (association with play, human presence). Demonstrated sustained curiosity and ethical regard for the pet’s comfort.



	Siobhan & Tigger (Cat)
	Investigated how texture and motion shape feline play preferences using KittyVision
	Siobhan alternated between her and Tigger’s perspectives, building toys from varied materials to test hypotheses about movement and tactile response. AER emerged as an embodied, mutual adaptation process.



	Violet & Billie (Dog)
	Explored color preferences and designed a Multi-Use Toy
	Through DoggyVision, Violet realized color alone could not explain Billie’s play choices. She reconsidered environmental, emotional, and sensory factors, moving from isolated variables to ecosystemic understanding.



	Adriana & Wally (Dog)
	Designed a Cozy Crate for comfort and safety
	Adriana used home observations and Wally’s behavior to co-create a personal refuge. Wally’s participation (entering the crate mid-design) guided Adriana’s modifications—demonstrating co-agency.



	Evee & Saskia (Cat)
	Investigated color and visibility in feeding behavior using KittyVision
	Evee used systematic trials to understand color contrast in feeding preference, but accepted uncertainty and revised interpretations without coercing the cat.



	Isabel, Leela, & Nigella

(Cats)
	Studied the color influence on eating behavior and modified the feeding setup
	Isabel integrated visual insights (yellow bowl visibility) with practical caregiving, adapting feeding design to balance both cats’ needs.










 





Table 2. Key dimensions of AER across cases.
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	AER Dimension
	Description





	Attentive observation
	Deep noticing of sensory, behavioral, and environmental cues through AR-mediated inquiry.



	Embodied inquiry
	Learning through sensory, physical, and affective participation, not detached observation.



	Relational sensemaking
	Understanding through co-constructed meaning and mutual responsiveness.



	Ethical care and responsibility
	Treating animals as subjects and co-agents rather than objects of study.



	Iterative reflection
	Refining understanding through cycles of testing, observing, and reinterpreting.



	Ecological awareness
	Recognizing the home as a dynamic ecosystem of interdependence.
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