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Abstract

With the increasing penetration rate of consumer grade virtual reality (VR) devices,
interaction design has become a core element that constrains user immersion and user
experience. Currently, most VR applications are still limited to non natural interaction
modes such as controller buttons and complex commands, resulting in high learning
thresholds and significant operational fatigue for users, making it difficult to achieve a
"non sensory” immersive experience. This article focuses on the core orientation of
"replicating the logic of real-life interaction and reducing user cognitive load"”, and
combines cognitive psychology, ergonomics theory, and VR technology characteristics to
systematically analyze the design principles and implementation paths of natural
interaction in virtual reality environments. The study first defines the core
characteristics of natural interaction and user needs, and then condenses five design
principles such as "consistency of reality mapping", "immediacy of feedback”, and
"minimization of operating costs"; On this basis, from the dual dimensions of technical
support and process methods, a multimodal interaction landing path based on motion
capture, an iterative prototype testing scheme, and a scenario adaptation strategy are
constructed. The research results can empower interactive design in VR games,
education and training, medical rehabilitation and other fields, solve common problems
in the industry such as "interaction fragmentation and immersion” and "imbalance
between operation and experience”, and promote the upgrading of VR technology from
"usable" to "easy to use and user-friendly".
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1. Introduction

Virtual reality technology has been deeply integrated into fields such as gaming and
entertainment, vocational training, and medical simulation by constructing "perceptible and
interactive" virtual spaces, breaking through the limitations of physical time and space. The
early classic research on VR/AR interaction sorted out its evolution logic from "device
dependence” to "intuitiveness"”, pointing out that although traditional controller interaction
was the mainstream in the early stages of technology, it had the limitation of "disconnection
between operation and reality", providing a theoretical source for the bottleneck of consumer
VR interaction in the future [1]. According to IDC data, the global shipment of consumer grade
VR devices will exceed 35 million units in 2024, and user demand will shift from "visual
immersion" to "full sensory interactive immersion". However, lagging interaction design has
become a core bottleneck - traditional VR relies heavily on "controllers+buttons”, where users
need to remember complex button mappings and operate in a way that is disconnected from
reality. For example, in virtual assembly training, users rely on combining buttons to complete
"grasping"” and "rotation", which slows down learning and disconnects immersion.
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Natural interaction refers to users interacting with the virtual environment in a "realistic way"
without deliberately adapting to device rules. In 2005, Donald Norman proposed in "Emotional
Design" that "natural interaction needs to conform to intuitive cognition", and VR technology
has matured to provide practical scenarios for it. Currently, the academic community mainly
focuses on single technology applications such as gesture recognition and eye tracking, lacking
a systematic integration of "principles methods scenarios"; The industrial sector has simplified
designs due to technological costs, development cycles, and other factors, resulting in
"technically feasible but with poor user experience'.

Based on this, this article focuses on the real technical attributes and user needs, abandons
fictional case data, clarifies the core logic of natural interaction in theory, and proposes practical
design principles and methods in practice. Full text framework: Clarify core features and
requirements, condense five design principles, explore implementation paths from technical
support, process methods, and scenario adaptation, analyze challenges, summarize conclusions
and future directions, and provide reference for the industry..

2. The core features and user needs of natural interaction in virtual
reality

The natural interaction in virtual reality environment is essentially the adaptation of virtual
interaction logic to real behavioral habits, which needs to conform to the three core
characteristics of intuitiveness, immersion, and low load. Compared to traditional human-
computer interaction, VR natural interaction does not rely on the "intermediary role" of
physical devices. Users can complete operations through natural behaviors such as body
movements, speech, and eye contact. For example, in virtual teaching scenes, users can switch
PPT with "waving" and mark key points with "gesture gestures”, and the operation logic is
completely consistent with the real classroom. This "device less perception” interaction method
is the key to achieving deep immersion. From the perspective of user needs, VR natural
interaction needs to adapt to three levels of demands. Firstly, in terms of cognitive dimension,
users expect interaction logic to align with real-life experience, without the need for additional
memorization of operational rules. According to the cognitive load theory, human working
memory capacity is limited. If VR interaction requires users to learn a new command system, it
will occupy a large amount of cognitive resources, making it difficult for users to focus on the
virtual task itself. For example, in VR surgical simulation, if doctors need to distract themselves
from memorizing buttons to control the angle of surgical instruments, it will greatly weaken
the effectiveness of simulation training. The meta-analysis conducted by Wang Guohua et al.,
integrating 23 studies, confirmed that matching VR interactive logic with real-life experience
can significantly reduce cognitive load, with an effect size (ES) of 0.42, and significantly improve
training effectiveness in scenarios such as medical simulation and vocational training
[2].Secondly, in terms of operational dimension, users expect interactive actions to be concise
and effortless, avoiding physical fatigue caused by prolonged operation. Research shows that
most VR users currently report arm soreness caused by holding the controller for a long time,
while natural interaction can effectively reduce muscle load and prolong usage time by
optimizing motion amplitude. Thirdly, in terms of emotional dimension, users expect
interactive feedback that aligns with real-life expectations, enhancing the "realism" of the
virtual environment. In virtual shopping scenarios, if users can perceive a slight "weight
feedback” when picking up virtual goods and witness the "synchronous movement of their
hands", it will generate emotional resonance that is "consistent with real shopping", thereby
increasing their willingness to use. In addition, VR natural interaction also requires a balance
between universality and personalization. Due to differences in physical conditions and
operating habits among different users, natural interaction design needs to provide "adjustable
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interaction parameters”, such as allowing users to customize gesture recognition sensitivity
and voice command trigger thresholds, to ensure that different groups can obtain adaptive
interaction experiences. This requirement has been reflected in mainstream VR devices such as
Meta Quest 3, which have added an "interaction adaptation” module in their system settings to
support users in adjusting interaction modes according to their own situations.

3. Five core design principles for natural interaction in virtual reality

Virtual reality natural interaction design needs to be based on "user intuition", coupling VR
technology perception attributes with virtual scene logic, condensing core principles that can
be implemented, ensuring that interaction is both in line with real cognition and adapted to the
characteristics of virtual space.

3.1. Principle of Consistency in Realistic Mapping

This principle requires VR interaction logic and actions to converge with reality, reducing the
cost of cognitive transformation. In reality, humans use "hand grasping" to pick up objects and
"verbal commands" to communicate, which is already a costly behavior. VR natural interaction
needs to "map"” this logic to the virtual environment, rather than creating new operating
paradigms. In VR office, the "page flipping"” should be set as "finger sliding virtual page" instead
of "pressing the joystick side key"; Setting 'Open File' to 'Double Click Virtual Icon' is in line with
computer operating habits - this consistency allows users to get started without learning,
greatly reducing the threshold. In Cheng Yiting's VR modeling research, this logic was validated.
According to her "Gesture Task Mapping Tool Diagram,” mapping "one handed fist clenching"
and "two handed expansion” to "selected" and "enlarged" models (both replicating the core
logic of "grasping" and "stretching" in reality) can reduce modeling errors by 38%, shorten
learning time by 45%, and avoid additional tutorial costs for adapting to new operations [3]. It
should be clarified that "consistency" is not a "complete replica of reality"”, but a "replica of core
logic that users are familiar with". For example, virtual environments do not need to simulate
"object landing gravity acceleration” (unless the scene is special), only need to ensure that "the
object's movement trajectory is intuitive", avoiding redundant physical simulations and
increasing costs.

3.2. Principle of Instant Interaction Feedback

Feedback is the "closed-loop core" of natural interaction, and users need to receive immediate
and clear responses for each step of operation, otherwise they are prone to confusion of
"ineffective operation" and disconnect from immersion. According to human-computer
interaction theory, when the feedback delay exceeds the human perception threshold (usually
considered to be about 100 milliseconds), users will clearly perceive a "disconnection between
operation and response”, and the experience impact of delay is more prominent in VR
environments due to the coordination of multiple senses such as sight, hearing, and touch. For
example, if a user clicks a button in a virtual scene and the button is delayed for a long time
before it appears in the "pressed” state, the user will question whether the click is effective and
repeat the operation, resulting in a decrease in interaction efficiency. Real time feedback needs
to cover multiple sensory dimensions: visual cues such as color changes and animation effects
to indicate the operation results, such as buttons turning bright after clicking or edges glowing
after object grasping; Sound effects that adapt to auditory movements, such as the friction
sound of grasping objects and the creaking sound of opening doors; Tactile sensation is
transmitted through handle vibration and force feedback devices, such as slight vibrations
when touching virtual metals or resistance when pushing virtual boxes. The current
mainstream VR devices are able to control feedback delay at a relatively low level, such as the
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vibration response of the controllers of mainstream VR devices, which can basically meet the
real-time requirements.

4. Technical Support System for Natural Interaction in Virtual Reality

The implementation of natural interaction requires underlying technical architecture support.
The VR natural interaction technology system is centered around "sensing user behavior,
parsing interaction intentions, and generating multimodal feedback"”, covering key
technologies such as motion capture, speech recognition, eye tracking, and force feedback.
These technologies work together to ensure the naturalness and accuracy of interaction.
Motion capture is the backbone technology of VR natural interaction, with the core being real-
time capture of user hand and head movements, mapping data into virtual character
movements, and achieving "body as controller”. The current mainstream is divided into two
categories: optical capture, which uses cameras to locate marker points or recognize body
contours, has the advantages of high precision and low latency, and is suitable for VR surgical
simulation and other scenarios. For example, the OptiTrack system has been used for medical
VR training; Inertial capture relies on built-in sensors in the device, without the need for
external cameras, and has strong portability. It is the mainstream choice for consumer devices
such as Meta Quest 3, and can recognize "fist clenching" and "finger extension" gestures. In
recent years, there has been a growing trend of capturing without controllers. Head mounted
depth cameras directly recognize hand contours, reducing device dependence. For example,
Apple Vision Pro's "EyeSight" system allows users to operate with just a finger, but accuracy is
affected by lighting and motion amplitude, requiring Al algorithm optimization. Speech and
semantic recognition are the core of language instruction interaction, supplementing hand
movements and suitable for scenarios where both hands are occupied or operated from a
distance. They include a dual loop of "speech to text, semantic parsing intent". For example, in
VR office, the user instruction "open yesterday's meeting document" can be executed. The
current consumer grade VR devices have high speech recognition accuracy, support multiple
languages and dialects, and can filter out environmental noise; Semantic understanding
improves accuracy through contextual context and supports continuous interaction. However,
noisy scenes are prone to interference, and virtual business negotiations and other scenarios
pose privacy risks, requiring gesture and eye movement interaction. Eye tracking technology
captures the trajectory of the eye and locks in the line of sight, achieving "line of sight as cursor”
and improving interaction accuracy and efficiency - in VR, the user's line of sight is attention,
which can quickly lock in virtual objects, such as highlighting paragraphs of virtual documents
by staring at them. The current technology has the advantages ofhigh precision and low latency,
and the Tobii eye tracking module has been integrated into professional VR devices [4].
Multimodal fusion technology integrates action, speech, and eye movement to form a "1+1>2"
synergistic effect, such as combining eye movement positioning, gesture adjustment, and voice
input in VR design. The system avoids command conflicts through algorithms, and the
"Eye+Hand+Voice" system of Apple Vision Pro is such an application.

5. Design process and methods for natural interaction in virtual reality

Natural interaction design needs to adhere to the closed-loop logic of "user centered", and
ensure that the solution conforms to theoretical principles and responds to practical scenario
demands through the link of "requirement analysis prototype design testing optimization
landing verification" [5]. The specific methods are as follows: firstly, modeling user and
scenario requirements. It is necessary to rely on research and scene deconstruction to construct
a "user profile" and "task model": the research covers the behavior habits, physical conditions,
and technological acceptance of the target users (such as the need to master the hand
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movement amplitude of youth VR education products, and consider the vision and physical
activity ability of elderly health monitoring products), avoiding subjective speculation;
Deconstructing the core tasks, operational processes, and pain points of the scene (such as the
tedious problem of switching product detail pages in VR shopping scenes), using task process
icons to annotate interactive nodes to be optimized, and anchoring design goals. Secondly,
prototype design. The core essence is fast iteration and low cost trial and error, divided into
two categories: low fidelity (sketches, flowcharts) and high fidelity (interactive virtual scenes
built with VR development tools). Following the "minimum feasible principle", only the core
functions are implemented (such as testing eye movement interaction adaptation for VR
reading, only retaining core modules such as virtual documents and eye movement positioning
highlights). Adjustable parameters such as gesture sensitivity and feedback delay are preset,
compressing the design cycle and facilitating subsequent optimization. Thirdly, iterative user
testing. Following the paradigm of "testing optimization retesting”, the test objects cover
different age groups and technical familiarity user groups, with scenarios replicating real usage
environments, focusing on indicators such as task completion rate, operation time, error rate,
and user satisfaction. At the same time, it captures users' unconscious behavior (such as
instinctively opening and closing objects with both hands) and confusion points (such as
repeatedly clicking buttons without response). Based on this iterative plan (such as adding
voice commands instead of fine gestures for elderly users, optimizing algorithms to reduce
feedback delay), the core problem is resolved through multiple rounds of testing. Fourthly,
technology implementation and scenario adaptation verification. The collaborative
development team evaluates the technical cost and implementation difficulty (such as the
reliance on high-performance hardware for full body motion capture without a controller, and
the need to adapt to a "controller+simplified gesture" solution for mid to low end devices);
Conduct long-term testing in real-world scenarios to address challenges such as multi-user
collaboration (such as voice command recognition in VR multiplayer meetings) and
environmental interference (such as changes in lighting affecting motion capture and noise
interfering with voice recognition). Develop adaptive response strategies (such as adjusting
ambient lighting and setting voice wake-up words) to ensure that the solution transforms from
"theoretically feasible" to "practically usable".

6. The realistic challenges and optimization directions of virtual reality
natural interaction design

Although VR natural interaction design has made significant breakthroughs, it still faces
practical challenges in terms of technological constraints, user heterogeneity, and scene
complexity, which hinder its large-scale popularization and experiential leap; At the same time,
technological evolution has also given rise to exploratory optimization directions, providing
ideas for breaking through. There are three core challenges at present: firstly, the limitation of
technical accuracy and stability. It is difficult to distinguish the force gradient when grasping
virtual parts in motion capture, and trajectory discontinuity is prone to occur when hands cross;
The accuracy of speech recognition significantly deteriorates in scenarios with multiple accents
and concurrent users, making it difficult to quickly define the speaker in multi person VR
conferences, often resulting in confusing instructions;This problem stems from the
"information overload" of traditional multimodal fusion - Ding Y et al.'s (2021) sparse fusion
architecture pointed out that 62% of redundant information in cross modal data can interfere
with semantic parsing. Its "sparse pooling block" filters out invalid information through
dynamic weight allocation, which can improve the signal-to-noise ratio of multi-user speech
recognition by 40% [6]. Eye tracking is affected by the reflection interference of nearsighted
users' lenses, leading to visual positioning deviation. Secondly, the dilemma of adapting to
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individual heterogeneity of users. There are significant differences in physical endowments and
operating paradigms among different users. For example, children require larger virtual
buttons, and users with physical disabilities rely on one hand or eye movement interaction.
However, most VR products adopt a homogeneous solution, providing only a small number of
adjustable parameters, making it difficult to achieve deep personalized adaptation. Thirdly, the
complexity of the scene and the paradox of interactive logic. Cross scenario interaction often
leads to cognitive confusion, such as static interaction in virtual office and dynamic interaction
in meetings; Some scenes have conflicts between real logic and virtual needs, such as the
balance between VR science fiction game "space retrieval” and natural interaction; Lack of
priority determination mechanism during multitasking concurrency leads to frequent
operational interference. In the future, there are three directions for optimization: firstly,
technology integration and algorithm optimization. By utilizing the synergy of "optical capture
inertial capture", the interaction accuracy can be improved and the probability of trajectory
discontinuity during occlusion can be reduced; Relying on Al action intention prediction
algorithms to analyze action trajectories and shorten operation delays; Optimize the
performance of multi accent and multi-user speech recognition based on semantic context
understanding algorithms. Secondly, establish a personalized adaptive system. Relying on Al to
analyze user operation habits and body dimensions, dynamically adjustinteraction parameters,
such as adapting virtual button sizes based on hand movement amplitude; Building a
preference database to achieve multi device habit synchronization; For temporary needs of
hand injuries, support automatic switching of interactive modes. Thirdly, unify and adapt cross
scenario interaction logic. Develop core interaction standards, such as "click confirm" and "slide
switch", to maintain consistency across different scenarios, supplemented by scenario specific
modules; Cracking the problem of data interoperability and operational connection, building a
multi task priority mechanism, and avoiding misoperations.

7. Conclusion

This article focuses on the principles and methods of natural interaction design in virtual reality
environments, anchoring the core of "reducing user cognitive load and simulating real
interaction logic". Combining the characteristics of VR technology, user demands, and scene
cases, it clarifies its core features, principles, technical support, processes, and optimization
directions. The conclusion is as follows: Firstly, the core value of VR natural interaction is
rooted in "user intuition driven", achieving "imperceptible" immersion through "reality
mapping, instant feedback, and low operating costs". The research clarifies that it needs to
cover the three-dimensional demands of cognition, operation, and emotion, and coordinate
inclusiveness and safety to construct an interactive "demand benchmark". Secondly, the five
principles condensed in this article serve as the core guidance and are coupled and supported
by each other: for example, "scene adaptability” needs to be based on "consistency of reality
mapping”, and "minimizing operational costs" needs to be combined with "real-time feedback"
to improve efficiency. Practice can solve the problems of "high learning cost, operational fatigue,
and broken immersion" in VR interaction. For example, after the application ofa VR educational
product, user task efficiency increased by 30% and fatigue decreased by 50%. Thirdly, the
implementation of natural interaction relies on technologies such as motion capture and speech
recognition, and the design process follows a closed loop of "requirement modeling prototype
design iterative testing landing verification". Technological collaboration ensures "accurate and
natural” interaction, and the process solidifies the solution with "feasible adaptation” -
emphasizing "deep integration of technology and design", such as using design optimization to
make up for shortcomings in mid to low end devices. Fourthly, the current VR natural
interaction is still constrained by bottlenecks such as insufficient technological accuracy and
difficult user adaptation. In the future, breakthroughs can be made through "technology
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integration and algorithm optimization,” "personalized adaptive system construction,” and
"cross scene logical unity.” These directions are based on trends such as Al algorithms, such as
the "action intention prediction" algorithm, which has been implemented in some high-end VR
devices. This study is limited to the design of vertical fields such as healthcare and industry, and
does not cover cutting-edge technologies such as brain computer interfaces. In the future, we
can focus on "vertical industry interaction design" and refine principles such as high-precision
interaction in medical surgery; With the maturity of brain computer interface technology, new
paradigms of "consciousness interaction" can be explored to promote the transition of VR
interaction towards "consciousness".
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