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Abstract
Extended Reality (XR) avatar guidance in Challenging Environments (CEs) promises to improve aspects such as
performance, co-presence, and trust, but carries the risk of compromising human safety, situational awareness,
and the ability to act under stress. This problem is critical when minor fluctuations in attention can lead to failures
or even serious injuries. In this paper, we investigate the design of avatar-based guidance in XR systems for CEs.
Based on previous work, we describe how avatars representing humans, AI, or hybrid solutions can be used in
these contexts and identify future research directions. We argue that avatars should be understood not as static
assistants, but as situational, adaptive guides that balance instructions and environmental awareness. Moreover,
we see avatars as key mechanisms for calibrating emotional states, performance, and situational understanding
in future XR systems for high-risk environments.

Keywords
Extended Reality, Avatars, Guidance, Social Interaction, Challenging Environments

Figure 1: Avatars can help handle stressful or dangerous environments by adapting the visualization based on
the context to keep users safe, calm, and attentive.

1. Introduction

Recent advances in Extended Reality (XR) and Artificial Intelligence (AI) have expanded the design
space for interactive applications. XR systems can now go beyond static overlays or pre-authored
instructions to provide context-aware, real-time guidance due to AI-driven perception, reasoning, and
adaptation. These capabilities enable virtual objects to be dynamically placed, modified, and removed
based on sensor data or user behavior. Such systems open up new ways in complex, unpredictable, and
dangerous real-world scenarios. These Challenging Environments (CEs) are, for example, factories,
construction sites, mines, or disaster-response settings, where users operate heavy machinery, navigate
unstable terrain, or face rapidly changing conditions.

One promising approach in this space is the use of avatars as guides or collaborators, providing
step-by-step instructions, feedback, or proxies that are spatially anchored in the environment [1, 2, 3].
Such avatars can be mediators for real humans, autonomous AI agents, or hybrid approaches based on
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the use case [4]. Compared to abstract visual or textual cues, avatars offer a more embodied and social
form of interaction, enabling users to interpret information through familiar human-like behaviors.

Prior research highlights the effectiveness of avatar-based instruction. Avatars have been shown
to improve task performance in augmented environments, particularly during two-handed or spatial
tasks [1], while also enhancing perceived co-presence and trust [5]. These benefits are especially
relevant in time-critical situations that require rapid comprehension of complex procedures and precise
coordination of actions. However, the design and visualization of avatars also have a substantial impact
on user experience and behavior. Previous studies demonstrate that avatar characteristics can influence
how users feel [6, 7], behave [8, 9, 10], perform [11], and remember instructions [12].

In particular, design factors such as realism, scale, perspective, and spatial positioning can potentially
affect cognitive load, attention, and risk perception. For instance, a large or highly detailed avatar
may increase engagement and strengthen social cues, but can also divert attention from the physical
environment [13]. Virtual elements may occlude critical real-world information or draw attention
away from potential hazards [14]. Such occlusion and attentional tunneling effects [15] are especially
problematic in safety-critical contexts, where even brief visual obstruction or misaligned attention
can have severe consequences. As a result, avatar design introduces inherent trade-offs between
performance, user experience, and physical safety.

Given these challenges, the design of instructional XR systems for CEs must carefully balance the
benefits of guidance with the need to maintain continuous awareness of the surrounding environment.
Determining how much information to present, when to present it, and in what form remains an open
research question, particularly when avatars are involved. Achieving this balance is critical to ensuring
that XR systems support users effectively without introducing additional safety risks.

In this paper, we examine the opportunities and challenges of avatar-based instruction in CEs. We
focus on how avatar design and visualization influence user performance, experience, situational
awareness, safety, and derive implications for the design of future XR systems.

2. Using Avatars for Instructions

XR avatars have been widely explored to provide guidance and education, often in combination with
AI-driven perception and adaptation [4, 16]. Prior research has investigated avatar-based instruction
across a range of tasks and visualization strategies, frequently varying avatar appearance, embodiment,
and perspective to assess their influence on user performance and experience. While avatars are often
used in synchronous settings to mediate between remote users through telepresence [17], more research
is analyzing asynchronous use cases where recordings or AI agents provide instructions [3, 2]. These
studies demonstrate that avatar-based guidance is beneficial, especially for tasks involving complex,
body-coordinated movements, where spatial alignment and motion timing are critical [1]. Sayffaerth
et al. [11] has shown that in such contexts, first-person perspective avatars offer advantages over
third-person perspective representations, particularly for local, asynchronous manual tasks. By aligning
the avatar’s movements directly with the user’s own viewpoint, first-person guidance can facilitate
accurate imitation, reduce ambiguity in joint positioning, and support efficient skill imitation. Further,
the timing of first-person instructions not only affects the time needed but also the memorization of
steps [12]. Therefore, correct imitation and timing may not only improve individual performance but
also enhance safety for both users and nearby standers by improving memory, reducing procedural
errors, and unintended movements in training scenarios.

However, in safety-critical and dynamic environments, a first-person perspective is not universally
optimal. When users must follow precise paths between locations in unpredictable or hazardous
environments, it can be crucial to first observe the intended path and movement strategy from an
external viewpoint. In these cases, a third-person avatar can provide an overview of where and how to
move, enabling users to anticipate obstacles, replicate trajectories more accurately, and plan their actions
before execution [18, 12]. Such guidance may be derived from own or expert demonstrations [19],
pre-programmed procedures, or AI-based analysis [20].



Therefore, avatars can function not only as instructional aids but also as predictive and preventive
tools. By demonstrating ideal movements, visualizing safe trajectories, and highlighting potential
hazards, avatars, whether representing humans or AI agents, can help users avoid dangerous actions.
When combined with real-time environmental sensing and physiological monitoring, avatar behavior
and representation can be dynamically adapted to the user’s current state, supporting both attentiveness
and emotional regulation in high-risk situations. Crucially, adapting the visualization and embodiment
of avatars can elicit measurable differences in users’ physiological and perceptual responses [8, 9]. Prior
work has shown that avatar characteristics can influence pain perception [6, 7], behavior change [10],
and even the risk of physical injury [21]. Therefore, adjusting factors such as body representation
or visual prominence may improve environmental visibility and user comfort [1, 19, 12], but can
simultaneously alter attention and risk perception.

Despite this, most existing studies evaluate guidance success at a broad level, focusing on whether
and when task steps are completed correctly or efficiently. Little research has examined the fine-
grained nuances of avatar-based guidance, like posture and movement trajectory, that are critical for
preventing harm in dangerous situations. Understanding how these factors interact with avatar design
and perspective remains an open challenge, particularly in environments where small errors can have
severe consequences. Future work, therefore, needs to explore how to design instructions that are not
only effective but also precise, safe, and context-aware.

3. Avatars as Social Mediators

Beyond individual instruction, avatars play a crucial role in collaborative XR scenarios, which include
co-located users like teammates, remote collaborators, AI, and robot interaction, but also hybrid use
cases. In such settings, avatars act as mediators of social presence, intention, and coordination, shaping
how users perceive and work with others in shared spaces [22, 13].

Collaboration in CEs presents unique challenges. The social behavior of others, such as sudden
movements, facial expressions, or perceived hesitation, can increase cognitive load, stress, and nervous-
ness. In safety-critical situations, these social factors can directly impact performance and increase
the likelihood of errors or accidents [23]. XR avatars offer a mechanism to modulate these social
signals by adapting expressions, gestures, or movement timing to support smoother interaction and
reduce interpersonal tension. Through controlled avatar representations, systems can decrease overly
expressive behaviors, synchronize movements, or emphasize clear and predictable action cues. Such
adaptations may help avoid conflict, improve mutual understanding, and maintain focus during high-
risk collaborative tasks. While the modulation of social signals raises ethical considerations in terms of
autonomy, deception, and the legitimacy of system-driven social engineering, it may prevent injury or
loss of life. This underscores the need for careful design of avatar-mediated collaboration, where such
measures should be jointly determined with users and remain adaptable to individual preferences.

Avatars also play a key role in human–robot collaboration. Overlaying a remote- or AI-controlled
robot with an avatar representing the human operator [24], or another trusted individual [25], may
increase users’ sense of security and predictability. Such embodiment strategies canmake robotic actions
easier to interpret, foster trust, and reduce hesitation in time-critical tasks. While such visualizations
can enhance safety, they may also introduce new risks. For instance, representing a robot as softer,
lighter or less hazardous than it actually is can lead users to underestimate potential danger, increasing
the likelihood of injury. For example, in the event of a malfunction, such as uncontrolled movement or a
complete loss of responsiveness, the situation may be misinterpreted, which in the worst case can result
in serious harm. To mitigate these risks, XR systems should incorporate adaptive safety mechanisms,
such as dynamically adjusting visualizations and providing clear, behavior-dependent warning cues.

Taken together, avatar-based collaboration extends beyond representation to become an active
design tool for regulating social interaction, trust, and coordination under stress. Understanding how
avatar embodiment, behavior, and adaptation influence collaborative performance, harmony, and risk
perception in CEs remains an important but still limited area for HCI research.



4. Conclusion

Advances in XR and AI enable avatars to evolve from static representations into adaptive agents
that support guidance, collaboration, and safety in challenging environments. While prior work
demonstrates clear benefits of avatar-based systems, our analysis highlights critical trade-offs between
attention, trust, and situational awareness, particularly in CEs, where even minor errors can have severe
consequences. We argue that avatar design must be inherently context-sensitive, dynamically balancing
instructional support with unobstructed perception of the physical environment, while also regulating
social signals to promote calm, attentive, and coordinated behavior. Addressing these challenges
requires a deeper investigation into fine-grained aspects of movement, perspective, and embodiment,
alongside careful consideration of ethical implications. Together, these insights outline a research
agenda for the development of adaptive, human-centered avatar systems that enhance performance
and safety without introducing new risks.
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