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Abstract. The rapid evolution of the metaverse has transformed virtual environments into dynamic and
immersive spaces, with Artificial Intelligence (Al) serving as a pivotal force behind this transformation.
This study investigates Al's role in enhancing design innovation and addressing ethical and social
challenges within metaverse ecosystems. Adopting a mixed-methods approach, we analyzed over 500,000
user interactions from Decentraland, Roblox, and Meta Horizon and conducted semi-structured interviews
with Al developers and UX/UI designers. Quantitatively, Al-driven features improved user engagement by
18.7% and increased satisfaction scores by an average of 21.3%. Qualitatively, thematic analysis revealed
recurring concerns related to algorithmic bias, data transparency, and digital inclusivity. To address these,
we propose a fairness-aware Al model grounded in Human-Computer Interaction principles. The model
demonstrated enhanced inclusivity metrics (+12.5%), equitable avatar personalization, and improved user
trust. This research offers critical implications for AI governance in virtual worlds, emphasizing the need
for ethical, inclusive, and sustainable Al deployment across metaverse platforms.
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INTRODUCTION

The metaverse has emerged as a central concept in the digital realm, connecting virtual
environments with real life through immersive technologies such as virtual reality (VR) and
augmented reality (AR) (Kozinets, 2023). One of the key drivers behind the development of the
metaverse is artificial intelligence (Al), which plays a crucial role in creating interactive and
adaptive digital environments (Soliman et al., 2024). Al processes vast amounts of data to support
the creation of realistic avatars, the construction of dynamic virtual worlds, and the enhancement
of user experiences (Alpala et al., 2022). With these capabilities, Al has become an essential
component in the advancement of the metaverse across various sectors. In recent years, the

metaverse has experienced significant global growth.

According to a report by Bhattacharya, the market value of the metaverse is projected to
reach USD 1,607.12 billion by 2030, with a Compound Annual Growth Rate (CAGR) of 43.3%
(Bhattacharya et al., 2023). Furthermore, a report by Influencer Marketing Hub estimates that the
metaverse market will reach USD 800 billion by 2024, in line with the projected growth of the
AR and VR markets, which are expected to generate USD 300 billion in revenue within the same
year. In addition, the evolution of smart cities is entering a new phase, as Seoul has announced
plans to invest USD 3.3 billion to transform itself into a metaverse city (Yaqoob et al., 2023).

Previous studies have examined the relationship between Al and the metaverse in terms of human-
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machine interaction (HMI) technologies, virtual social intelligence, and the optimization of digital

space design (Mourtzis et al., 2023).

Al also plays a significant role in the digital economy of the metaverse, particularly in
areas such as blockchain-based transactions and user behavior analytics aimed at enhancing
engagement (Bhattacharya et al., 2023). However, the implementation of Al within the metaverse
still faces considerable challenges, including algorithmic bias, ethical concerns, and user data
privacy issues (Y. Wang et al., 2023). These challenges require further investigation to ensure
that Al is applied more ethically and responsibly. While numerous studies have examined the role
of Al in the metaverse, there remains a gap in understanding its social impact and the design
innovations it fosters. Most existing research has primarily focused on technical and economic
aspects, whereas the implications of Al on digital identity, virtual social dynamics, and inclusivity

have not been sufficiently explored (Si et al., 2023).

Therefore, this study explores how Al drives design innovation within the metaverse and
examines its broader social and ethical implications. It addresses a critical research gap: while
previous works focus predominantly on technical and economic contributions, limited attention
has been paid to how Al shapes inclusivity, identity representation, and fairness in immersive

digital spaces. To that end, this study formulates the following research questions:

1. RQI1: How does Al contribute to design innovation in the metaverse?

2. RQ2: What are the key ethical and social challenges in implementing Al within virtual
environments?

3. RQ3: How can fairness-aware Al models be designed and evaluated for inclusivity in the

metaverse?
These questions guide three primary hypotheses:

1. Al significantly enhances design innovation in the metaverse through adaptive
environments and personalized avatars.

2. Algorithmic bias, privacy concerns, and lack of transparency are central challenges
hindering ethical Al deployment.

3. A fairness-aware Al model can improve user trust, inclusivity, and engagement in

metaverse platforms.
LITERATURE REVIEW

A. The Role of Al in Metaverse Design Innovation
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Artificial Intelligence (Al) plays a central role in the development of the metaverse by
creating dynamic and adaptive virtual environments. One of the key innovations is the use of
procedural content generation, whereby Al automatically constructs virtual worlds based on user
interactions (Lopez et al., 2020). This approach enables personalized experiences and enhances
user engagement across various sectors, including education, business, and entertainment (Xiao
et al., 2022). Furthermore, Al drives the development of realistic digital avatars through facial
expression processing and body movement technologies, thereby fostering more natural virtual
interactions (Yu et al., 2024). However, technical challenges such as high computational power
requirements lead to increased energy consumption and raise environmental sustainability

concerns (Bharany et al., 2022; Katal et al., 2023).

In a social context, Al-generated avatar representations often fail to reflect the diversity of
user identities, resulting in less inclusive experiences (Sands et al., 2024). Therefore, the
development of efficient and inclusive Al algorithms is crucial to creating virtual spaces that are
equitable for all users (Go & Mothelsang, 2024; Yunianto & Wahyudi, 2024). Computational
efficiency is also important to minimize environmental impact without compromising the quality
of the user experience (Bharany et al., 2022). Thus, Al in the metaverse not only drives technical
innovation but must also address sustainability and inclusivity aspects. This study emphasizes the

importance of developing responsible and environmentally friendly Al design.
B. Ethical and Social Challenges in Al Implementation

The implementation of Al in the metaverse presents complex ethical challenges,
particularly related to algorithmic bias. Training data that reflects social biases can influence
avatar representation and feature accessibility, thereby reinforcing digital inequalities. If left
unaddressed, these biases have the potential to create digital discrimination that becomes
increasingly difficult to overcome as metaverse technology advances. Furthermore, Al’s
capability to monitor user behavior in depth raises significant privacy risks, where user data may
be misused for commercial or manipulative purposes. Therefore, strict regulations and the
enforcement of algorithmic transparency principles are essential to ensure that Al operates fairly,

securely, and ethically (Zhang & Zhang, 2023).

On the social front, excessive reliance on Al agents has the potential to lead to digital
isolation, where authentic human interactions are replaced by machine-based interactions. This
shift may weaken users’ ability to build healthy social connections within virtual communities.
Therefore, Al development must consider balancing personalization with meaningful social
engagement (Hermann, 2022; Hermann, 2021). Developers need to design Al systems that are

not only technically efficient but also capable of fostering virtual communities that are inclusive,
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equitable, and grounded in humanistic values. In this way, the ethical and social challenges posed

by Al in the metaverse can be addressed comprehensively.
C. Towards an Ethical and Sustainable Metaverse

The future of Al in the metaverse depends on the ability to create systems that are
transparent, secure, and sustainable. One solution currently being developed is the integration of
Al with blockchain technology, which can enhance data security and build user trust through
transaction transparency (AlShamsi et al., 2021; Ali et al., 2023; Z. Wang et al., 2022; Hussain &
Al-Turjman, 2021; Atlam et al., 2020). Furthermore, strengthening privacy policies is necessary
to ensure that users have full control over their personal data (Obar & Oeldorf-Hirsch, 2020;
Quach et al., 2022; Hasal et al., 2021). This measure is crucial to prevent the misuse of Al in

managing user data.

In terms of sustainability, the development of energy-efficient Al models has become a top
priority to reduce power consumption and carbon emissions (Farzaneh et al., 2021; Tien et al.,
2022). Optimizing algorithms and adopting environmentally friendly computing practices can
contribute significantly to achieving this goal. Beyond technical considerations, Al in the
metaverse must also be directed toward promoting social well-being by ensuring inclusive and
ethical engagement for all users. Therefore, future developments of the metaverse must carefully

balance technological innovation, environmental sustainability, and digital ethics.
METHODS
A. Research Approach

This study adopts a mixed-methods design to examine how artificial intelligence (Al)
contributes to design innovation in the metaverse while addressing its ethical and social
implications. The combination of quantitative and qualitative methods allows for a holistic
exploration of both large-scale user behaviors and expert perspectives. A preliminary systematic
literature review was conducted across 50+ scholarly sources to understand the current landscape
of Al integration in virtual environments. For the quantitative strand, user interaction datasets
were obtained from three prominent metaverse platforms, Decentraland, Roblox, and Meta

Horizon, chosen for their high user volume and degree of Al integration.

The datasets, acquired through public APIs and verified developer collaboration, consisted
of 500,000 entries from January to December 2024. Authentication tokens and request logs were
used to verify the data source's legitimacy. The qualitative component involved semi-structured
interviews with 20 purposively selected experts (10 Al developers and 10 UX/UI designers) with
at least three years of experience in the field. The interviews focused on challenges, ethical
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concerns, and inclusivity in Al-powered design for the metaverse. Data triangulation was
achieved by aligning the quantitative user behavior analysis with the thematic insights derived

from interviews.
B.  Quantitative Analysis

To evaluate the impact of artificial intelligence (Al) on user engagement within metaverse
platforms, a multiple linear regression model was utilized. In this model, user engagement was
treated as the dependent variable, while avatar personalization, adaptive environment features,
and response time optimization served as the independent variables. The analysis was conducted
using Python’s statsmodels package, and the model yielded an adjusted R* value of 0.73,
indicating a strong explanatory power. All predictor variables were found to be statistically
significant with p-values less than 0.01, suggesting a robust relationship between Al-driven

features and enhanced user interaction.

In addition to regression analysis, K-Means clustering with k=3 was applied to uncover
interaction patterns among users. This method enabled the identification of distinct user
engagement behaviors based on Al feature usage. The quality of clustering was validated using
silhouette scores, all of which exceeded 0.65, demonstrating clear group separation and reliable
clustering performance. These quantitative findings provide a strong foundation for
understanding how Al functionalities contribute to user experience across diverse virtual

environments.
C. Qualitative Analysis

The qualitative analysis was conducted through semi-structured interviews with Al
developers and UX/UI designers, whose responses were transcribed and coded using thematic
analysis. This process revealed three major areas of concern: fairness in algorithmic outcomes,
representation of user identities, and the ethical design of Al features within the metaverse.
Interview participants emphasized challenges in ensuring diverse and accurate avatar
personalization, particularly regarding gender and cultural representation. They also highlighted

the growing need for transparency and user consent in Al-driven personalization systems.

To guide the interviews, five core questions were developed, covering topics such as Al
integration in design processes, handling algorithmic bias, and the social effects of Al on user
interaction. The responses were categorized into four primary coding themes: ethical risk
(including bias and privacy), design innovation, user experience, and inclusivity. This framework
enabled the researchers to identify recurring patterns and differences in how professionals

conceptualize and address ethical Al issues. The combination of targeted questioning and
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structured coding provided a comprehensive understanding of the socio-technical dimensions of

Al use in virtual environments.
D. Bias Evaluation and Model Validation

Algorithmic bias evaluation is a key focus of this study, given that bias frequently arises in
the application of Al within digital environments, particularly in the metaverse. To measure
potential bias, this research employs a fairness metric adapted from, defined by the formula (1).

|[P(Al = 1|G = 0)-p(Al = 1|G = 1)|
max(P(41=1/6=0),P(Al = 1|G = 1))

Fairness =1 —

(1)

Where:

e P(Al = 1|G = 0) represents the probability of the AI making a specific decision for
group 0,

e P(AI = 1|G = 1) represents the probability of the Al making the same decision for group
1.

This method is employed to ensure that Al decisions remain impartial and provide equitable
treatment to all users, regardless of social attributes such as gender, ethnicity, or economic
background. Fairness analysis is conducted iteratively at each stage of model development to
detect and minimize bias from the outset. Model validation is carried out by testing it under two
primary conditions: ideal simulations within a virtual environment and real-world scenarios

characterized by high variability in user behavior.

To strengthen bias mitigation, a fairness-aware machine learning approach is applied
through techniques such as reweighting the training data and employing regularization on the loss
function. The model’s results are evaluated against a conventional baseline Al model by
measuring improvements in predictive accuracy, inclusivity levels, and the resulting fairness
scores. This process ensures that the developed Al model is not only technically efficient but also
adheres to high ethical and social standards. With this comprehensive evaluation approach, the
study is expected to make a significant contribution to the development of ethical, inclusive, and
responsible Al technologies within the metaverse ecosystem. These findings are relevant not only
to academics but also valuable to developers and stakeholders addressing challenges related to

algorithmic fairness and the protection of user rights in the virtual spaces of the future.
RESULTS

A. Quantitative Outcomes and Statistical Significance
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The quantitative analysis revealed that Al significantly improved user engagement across
all three metaverse platforms studied. A multiple linear regression model was employed to
examine the influence of key Al features, such as avatar personalization, adaptive environment
features, and response time optimization, on user interaction. The regression results demonstrated
high explanatory power, with an adjusted R? value of 0.73, and all predictors were statistically
significant (p < 0.01), confirming the positive effect of Al-driven elements on user engagement.

The detailed regression coefficients and significance levels are presented in Table 1.

Table 1. Al Impact on Engagement Metrics

Variable Coefficient () p-value
Avatar Personalization 0.362 <0.001
Adaptive Environment Features 0.418 <0.001
Response Time Optimization 0.275 0.002
Adjusted R? 0.73 -

Post-implementation of the fairness-aware Al model, user engagement showed a
significant increase of 18.7%, while user satisfaction improved by 21.3%, based on platform
analytics and user feedback. These results suggest that incorporating ethical considerations, such
as fairness and inclusivity, into Al design can positively impact not only social outcomes but also
measurable engagement performance. The comparison of fairness scores between the baseline
model and the fairness-aware model is illustrated in Figure 1, while the change in engagement

levels before and after model implementation is visualized in Figure 2.

Fairness Score Comparison

0,8
0,6
0,4

0,2

Baseline Model Fairness-Aware Model

Figure 1. Fairness Score Comparison
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Engagement Levels Before and After
Al Model Implementation

100
80
60
40

20

Before After Al Model

Figure 2. Engagement Levels Before and After Al Model Implementation

B. Qualitative Themes: Ethical Challenges and Expert Views

Thematic analysis of the expert interviews uncovered three dominant ethical challenges in
the implementation of Al within metaverse environments. The first theme, algorithmic bias, was
consistently highlighted by developers who noted that training data often contained embedded
stereotypes. These biases affected avatar representation, including skin tone variation, gender
expression, and cultural attributes, resulting in unequal experiences for users from
underrepresented groups. Participants emphasized the importance of developing more inclusive

datasets and evaluation criteria to mitigate these issues at the model design stage.

The second theme that emerged was lack of transparency in Al decision-making processes.
Many Al systems used in the metaverse operate as "black boxes," offering little to no explanation
for how decisions—such as avatar recommendations or content filtering—are made. This opacity
undermines user trust and limits accountability, especially in environments where user identity
and interactions are shaped by Al-driven outputs. Experts advocated for the integration of

explainable Al (XAI) features to enhance user understanding and ethical oversight.

Lastly, the theme of inclusivity gaps centered on the limited representation and accessibility
features available to certain user populations. Interviewees pointed out that users with disabilities
or those identifying outside traditional gender binaries were often left out of avatar customization
tools and interaction designs. This exclusion was perceived not as a technical limitation, but as a
design oversight stemming from homogenous development teams and a lack of user co-creation.
As a result, experts recommended a participatory design approach that includes diverse user

perspectives from the early stages of Al development in the metaverse.

C. Fairness-Aware Model Evaluation
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To address concerns related to algorithmic bias and unequal representation, this study
proposed and implemented a fairness-aware Al model. The model utilized reweighted training
data to ensure better demographic balance and applied regularization techniques to penalize unfair
predictions during learning. This approach aimed to promote equitable decision-making across
diverse user profiles within the metaverse environment. The implementation was tested using

both simulation environments and real-user feedback from expert evaluators.

The results showed significant improvements in key ethical and performance indicators.
The model’s fairness score increased from 0.68 to 0.91, indicating more balanced outcomes across
different user groups. In addition, expert feedback reported a 12.5% improvement in perceived
inclusivity, reflecting a greater sense of representation and equity. Furthermore, social interaction
frequency rose by 17.5%, suggesting that users felt more confident and engaged in virtual
communities where Al systems promoted fairness. To illustrate the core mechanism of the model,
a simplified pseudocode is provided in Figure 3. This logic outlines how user profiles are
processed through a fairness-aware function before predictions are made and engagement metrics
updated. The process highlights the integration of fairness weighting at the core of decision-

making.

user dataset:
profile = extract_user_features(user)

weight = fairness_weighting(profile)

prediction = model.predict(profile, weight)

update_engagement_metrics(prediction)

Figure 3. Pseudocode of Fairness-Driven Decision-Making Process
These findings reinforce the importance of embedding fairness principles directly into Al
architecture, not only to meet ethical standards but also to enhance user satisfaction and

participation in metaverse platforms.
DISCUSSION

This study reaffirms the critical role of artificial intelligence in shaping metaverse design
by enhancing avatar realism, enabling dynamic adaptation of virtual environments, and providing
personalized user experiences. Al technologies contribute significantly to creating immersive and
responsive platforms that adapt to individual preferences. However, despite these technological
advancements, several ethical and social challenges remain prominent. Addressing these
challenges is essential to ensure that the development of virtual environments aligns with

principles of fairness, inclusivity, and user empowerment.
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One major issue is the lack of transparency in Al decision-making processes, particularly
in personalization features. When Al systems modify user experiences without clear explanations
or consent, it undermines trust and creates friction in user—platform relationships. This problem
is especially pressing in virtual communities, where identity and social engagement are heavily
influenced by Al-generated outputs. Implementing explainable Al models can help users better
understand and control how their data is used in shaping digital experiences. Another persistent

concern is algorithmic bias, which disproportionately affects marginalized user groups.

Interviewees in this study emphasized that users from underrepresented racial, gender, or
regional backgrounds often encounter limited or inaccurate avatar customization options. Such
bias not only reduces the inclusivity of virtual spaces but also reinforces real-world social
inequalities. Designing with more diverse training data and applying fairness-aware techniques
are necessary steps toward mitigating these systemic imbalances. Lastly, the ethical risks of over-
personalization raise important questions about data privacy and informed consent. Al systems
that collect extensive behavioral data without user knowledge may lead to unintended exploitation

or manipulation.

In the absence of strong governance frameworks, personalization can easily cross into
surveillance. To address this, developers must prioritize transparent data use policies and
empower users with greater control over their digital identities. From a policy and governance
perspective, this research advocates for the implementation of fairness audits, inclusive design
reviews, and participatory feedback mechanisms. Stakeholders—including platform developers,
regulators, and user communities—should collaborate to ensure that Al in the metaverse supports
diversity, equity, and responsible innovation. For instance, co-creating avatar design options with
users from varied cultural and social backgrounds can foster more inclusive representation and

enhance digital well-being for all.
CONCLUSION

This study concludes that artificial intelligence (Al) plays a significant role in driving
design innovation within the metaverse, particularly in enhancing avatar personalization, virtual
environment adaptation, and user engagement. The findings support the hypothesis that Al
contributes to creating more immersive and adaptive user experiences. However, challenges such
as algorithmic bias, system transparency, and data privacy issues remain key obstacles to
achieving inclusive and ethical Al implementation in the metaverse. Furthermore, the research
confirms that AI’s deployment may influence social dynamics and digital identity representation,

necessitating approaches that prioritize diversity and social justice. Based on these insights,
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practical recommendations for developers include integrating fairness-aware machine learning

principles throughout the Al development process to minimize bias and ensure inclusivity.

For future research, it is recommended to broaden the focus by directly incorporating end-
user perspectives through surveys or longitudinal observations to gain a more comprehensive
understanding of Al-supported metaverse experiences. Additionally, subsequent studies should
explore Al applications across a wider range of metaverse platforms, including emerging ones in
Asia and the Global South, to capture diverse social and cultural contexts. In-depth investigations
into the integration of Al with emerging technologies such as blockchain and the Internet of
Things (IoT) within the metaverse ecosystem represent promising avenues to evaluate the
synergistic effects on transparency, security, and sustainability. Moreover, a multidisciplinary
approach involving legal studies, digital psychology, and technology ethics is essential to develop
adaptive governance frameworks that respond to evolving social dynamics and technological

advancements.
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