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Fig. 1. System overview of theWebXR Interaction Toolkit (WebXRIT). (A–B)WebXRSocketInteractors automati-
cally select and attachWebXRInteractables (e.g., scissors, syringe, needle) released by aWebXRDirectInteractor,
enabling arrangement and assembling tasks in IVR training. (C–E) TheWebXRDirectInteractor uses input and
pose tracking from the WebXR Export plugin to control virtual hands to selectWebXRInteractables within
collider range and trigger On Select and On Activate events on interactables (e.g., play animations or sounds).

Immersive Virtual Reality (IVR) offers promising opportunities for education and training, yet its broader
adoption in web-based learning environments remains limited due to performance constraints and the lack of
support for industry-standard game engines. This paper presents the WebXR Interaction Toolkit (WebXRIT),
a lightweight framework for creating WebXR-based training applications in Unity. Designed to provide
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essential interaction functionalities while minimizing runtime overhead, WebXRIT integrates with the open-
source WebXR Export plugin and follows Unity’s component-based interaction architecture. To evaluate its
runtime performance, we compared WebXRIT with Unity’s default XR Interaction Toolkit (XRIT) across twelve
valid build configurations (varying editor version, render pipeline, and color space) using the Meta Quest 3.
Results show that WebXRIT consistently outperforms XRIT, achieving significantly higher frame rates in
multiple configurations, with mean values up to 78 FPS, exceeding the recommended threshold for native
IVR applications. These findings highlight the potential of the WebXRIT to enable performant and accessible
IVR training applications on the web. Future work will extend our toolkit with support for hand tracking, AR
interaction, and additional navigation and UI components.

CCS Concepts: • Human-centered computing → Virtual reality; Web-based interaction; • Applied
computing→ Interactive learning environments.

Additional Key Words and Phrases: WebXR, Virtual Reality Training, Unity Engine
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1 Introduction
Immersive Virtual Reality (IVR) has gained increasing recognition as an effective tool for training
and education, promoting various learning outcomes such as factual, conceptual, and procedural
knowledge [1, 19, 36]. Systematic literature reviews suggest that IVR-based training can enhance
procedural skills and knowledge transfer [23] as well as spatial reasoning and problem-solving
abilities [10] across diverse professional contexts such as medicine, emergency response, industrial
maintenance, aviation safety, construction, and engineering [23]. Particularly in fields like nursing
education, which strongly benefit from simulation-based training [27, 40], multiple meta-analyses
[33] have demonstrated that IVR can improve knowledge acquisition, skill performance, and
retention, while also fostering learner satisfaction, motivation, and self-efficacy [21].

Despite these advantages, several challenges continue to hinder the broad integration of IVR into
educational settings. These include the lack of interoperability between platforms and the absence
of open standards [47], limited access to technology and insufficient technical expertise among
users and educators [34], as well as the limited availability of personalized training scenarios and
suitable authoring tools for the creation and adaptation of IVR learning content [25]. One potential
solution to addressing challenges related to interoperability, standardization, and accessibility lies
in the use of WebXR1 on consumer-grade mobile Head-Mounted Displays (HMDs) such as the Meta
Quest 3 [32]. WebXR is an open standard that enables the hosting and execution of virtual (VR)
and augmented reality (AR) experiences directly on the web, allowing users to access immersive
applications through a browser across various devices and platforms without requiring software
installation.

However, WebXR has not yet achieved widespread adoption in the development of educational
IVR applications. One major limitation concerns runtime performance: WebXR applications often
fail to match the frame rates (FPS) of native IVR applications [9, 32, 53]. Such performance deficits
can diminish perceptual immersion and increase the risk of motion sickness and dizziness, repre-
senting a significant usability concern in VR contexts [49]. From a developer perspective, while
WebXR is already supported by web-first frameworks such as Three.js, A-Frame, or Babylon.js [7],
support for industry-standard game engines like Unity2 remains limited. These engines, however,
1 https://immersiveweb.dev/, accessed on October 20, 2025.
2 https://unity.com/products/unity-engine, accessed on October 20, 2025.
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rank among the most commonly used tools for creating virtual reality training applications [1, 50].
Among the few available solutions for Unity-based WebXR development is the open-source WebXR
Export3 plugin, which can be used in conjunction with Unity’s default cross-reality interaction
system, the XR Interaction Toolkit (XRIT)4. However, XRIT does not provide official WebXR support,
nor is it optimized for web deployment, which may negatively impact the runtime performance of
WebXR applications.

To address these gaps, we propose a solution for developing WebXR-based training applications
in Unity by integrating theWebXR Export plugin with a novel lightweightWebXR Interaction Toolkit
(WebXRIT). This Paper describes the core components of our solution in detail and the subsequent
empirical evaluation compares theWebXRIT to Unity’s XRIT across different configuration contexts
regarding runtime performance on the mobile HMD Meta Quest 3. Our experimental results
demonstrate that WebXR applications built with WebXRIT consistently achieve significantly higher
frame rates than those developed with XRIT. In three of the tested configurations, WebXRIT-
based applications reach mean frame rates of up to approximately 78 FPS, thereby exceeding the
recommended threshold of 72 FPS for native IVR applications on theQuest 3, while no configuration
with the XRIT exceeds this threshold.

In summary, the core research contribution of this work is the design of a simple yet robust
lightweight IVR interaction toolkit for Unity that is explicitly tailored for WebXR builds and
demonstrably achieves significantly higher runtime performance than applications using Unity’s
default XR Interaction Toolkit. By providing this toolkit, we aim to lower barriers to WebXR
development and enable developers within the established Unity ecosystem to explore WebXR
without transitioning to entirely different toolchains. While this work focuses on educational and
training scenarios as a representative application domain, the proposed WebXR Interaction Toolkit
(WebXRIT) is not restricted to this context and can be readily applied to other WebXR-based IVR
application domains.

2 Related Work
2.1 WebXR in IVR Training and Education Applications
The WebXR Device API (WebXR) is an open standard recommended by the World Wide Web
Consortium (W3C). It provides an interface that allows web applications to access and interact
with extended reality (XR) hardware, such as HMDs, XR glasses, and motion-sensing devices
like smartphones and tablets, directly within a web environment. WebXR manages device pose
tracking (position and orientation) as well as input events from controllers or hand tracking
devices. Although WebXR is not itself a rendering technology, it integrates seamlessly with browser
graphics APIs such as WebGL. These APIs handle 3D asset management and rendering and can be
accessed through higher-level JavaScript frameworks such as Three.js [9]. WebXR is device- and
platform-independent, enabling the hosting of AR and VR experiences on the web and making
them accessible across a wide range of devices directly through the browser [35]. By eliminating the
need to install or update dedicated standalone XR applications on specific hardware, WebXR-based
applications become instantly available through an internet connection [13]. WebXR thus enhances
portability and accessibility and simplifies cross-platform development of XR content [32]. Its
technological characteristics also include scalability and support for remote collaboration in IVR
scenarios [5]. In the context of IVR education and training, WebXR enables accessible learning
experiences for students by providing immersive learning environments on mobile VR devices

3 https://github.com/De-Panther/unity-webxr-export, accessed on October 20, 2025.
4 https://docs.unity3d.com/Packages/com.unity.xr.interaction.toolkit@3.2/manual/index.html, accessed on October 20, 2025.
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anytime and anywhere. This flexibility has been shown to improve learning outcomes in domains
such as nursing training compared to scheduled sessions on fixed PC-VR setups [21].

Several recent research projects have demonstrated the potential of WebXR for educational use.
The WebXR Health Learning Module Application [18, 20], for instance, allows nursing students to
train the intramuscular injection procedure using a single WebXR application that runs across
three devices with different XR capabilities: the Microsoft HoloLens (AR), Oculus Quest 2 (VR),
and Android smartphones (AR). The project MolecularWebXR [13] further extends this potential by
offering a multi-user educational platform for chemistry and biology that supports both VR and
AR modes, as well as controller input and hand tracking. Other examples include WebXR-based
applications for assembly training [41], construction worker safety training [3], and primary school
learning [17].

The educational domain was selected as the primary application area for this work because
it features a wide variation in spatial contexts, hardware availability, and technical expertise
among both developers and end users, making it a representative example for demonstrating the
applicability of the WebXRIT. At the same time, the toolkit is not limited to educational settings
and can be readily applied to other application domains.

Despite its promise, WebXR has not yet achieved widespread adoption in educational software
development. Two major limiting factors are (1) runtime performance and (2) support for industry-
standard game engines.

(1) Runtime Performance. One of the main challenges faced byWebXR creators is the performance
disadvantage of WebXR applications compared to native XR applications [53]. This limitation is
largely due to the constrained processing power and memory available in web browsers [32].
Although browser technologies have advanced considerably in recent years, WebXR applications
still often fail to meet the high frame rate requirements of immersive XR experiences (e.g., 72 frames
per second on the Meta Quest platform) when compared to their native counterparts [9, 32]. Lower
frame rates can negatively affect usability and increase the risk of motion sickness [49]. Conversely,
higher frame rates have been shown to significantly enhance the sense of presence experienced by
users [4, 38], which in turn can positively influence learning outcomes in virtual reality [28, 30].

(2) Limited Support for Industry-Standard Game Engines. While WebXR is already supported by
web-first development frameworks such as Three.js, A-Frame, or Babylon.js [7], there is currently
limited support for industry-standard game engines like Unity. These engines, however, represent
some of the most widely used tools for developing virtual reality applications [50], and Unity in
particular is frequently employed for creating IVR education and training applications [1]. The
limited compatibility between Unity and WebXR can thus pose an additional barrier to the broader
adoption of WebXR in educational contexts.

2.2 Unity and WebXR
Unity is a real-time 3D engine whose editor enables the construction of interactive Scenes composed
of GameObjects that gain functionality through the attachment of programmable Components5.
Unity supports deployment across a wide range of target platforms, including desktop, mobile, and
virtual or augmented reality devices. Its extensive plugin ecosystem further provides numerous
extensions that enable developers to build complex interactive 3D applications by configuring and
combining reusable components [9].

Evaluations of Unity’s learnability report mixed findings, ranging from comparatively easy
learnability [9, 20] to reports of a moderate learning curve [16]. While no major usability issues

5 https://docs.unity3d.com/Manual/index.html, accessed on October 20, 2025.
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are generally reported, novice developers may encounter difficulties navigating the editor’s user
interface or interpreting error messages, particularly during early stages of development [39].
Despite these challenges, Unity offers several advantages for novice and intermediate IVR developers.
These include strong support for rapid prototyping [22] and access to a large and active online
community that can provide peer support [22, 44]. Recent advances in Large Language Model
(LLM)-based code synthesis and prompt-driven AR/VR application generation, such as the work by
de la Torre et al. [14], offer additional support for novice developers by enabling the generation of
Unity scenes and source code with little to no programming through textual input. Although this
approach currently faces limitations, including the inherent unpredictability of generative LLMs
and the need for manual implementation of IVR interactions such as object grabbing, it already
demonstrates the potential of LLMs to assist non-expert users in creating VR experiences within
the Unity ecosystem. In addition, Unity is one of the most widely used development tools for IVR
applications [50] and is commonly employed in IVR research [31] as well as in the development of
IVR training applications [1]. Based on these advantages, Unity was selected as the engine for the
implementation of the WebXR Interaction Toolkit.

At the time of this publication, Unity does not offer official support for WebXR. Nevertheless, it is
possible to enable WebXR functionality in Unity by using third-party solutions, most prominently
the open-source and community-maintained WebXR Export plugin. This plugin adds WebXR as a
build target to Unity and provides an additional WebXR Interactions package that allows developers
to access the position and orientation of the HMD and its controllers and to process user input
from controllers or via hand tracking.

Although research on the combination of Unity and WebXR is still limited, existing work
demonstrates the viability of this approach. Lautenbach et al. [29] presented the ProjectVerse
framework, which uses the WebXR Export plugin to port existing Unity-based VR applications
from various research projects to WebXR. The framework integrates these applications into a
browser-based VR platform designed to make educational experiences more accessible to students
and instructors. Guo and Mogra [17] employed Unity and WebXR Export to develop an interactive
mobile VR application for mining education. Their approach combined 360-degree video footage
with 3D models of mining environments and equipment, allowing users to explore the mining
process from multiple perspectives.

For VR training scenarios that require more complex interaction systems, developers can extend
the WebXR Export plugin with custom code or integrate Unity’s XR Interaction Toolkit (XRIT). XRIT
is a high-level interaction framework designed for creating cross-platform VR and AR applications,
leveraging Unity’s component-based architecture. Recent versions of the WebXR Export plugin
support partial integration of XRIT.

However, since Unity itself does not natively support WebXR, XRIT cannot be assumed to be
optimized for WebXR applications. This assumption is supported by a recent study by Cattaneo et
al. [11], who developed a WebXR-based telemedicine training application in Unity. The authors
reported frequent input delays when using VR controllers and suggested that interaction handling
should be refined. Another limiting factor in using XRIT with WebXR stems from the restricted
XR capabilities of web browsers. To enable cross-platform compatibility and for security reasons,
browsers do not consistently expose all XR hardware features across devices [9]. As of October 2025,
approximately 80% of web browsers support the WebXR Device API, however only partially, since
several features remain under development or lack finalized specifications.6 Consequently, not
all high-level XRIT functionalities can currently be utilized with WebXR. Given these constraints,
XRIT may impose unnecessary overhead for WebXR development.

6https://caniuse.com/webxr, accessed October 20, 2025.
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To implement comprehensive yet performant interactive IVR training scenarios, we therefore
propose a lightweight approach that provides essential IVR interaction functionality through a
custom WebXR Interaction Toolkit (WebXRIT). The following chapter provides a system overview
of our solution, including detailed descriptions of all components.

3 WebXR Interaction Toolkit
The WebXR Interaction Toolkit (WebXRIT) provides a set of Unity components for implementing
interaction functionality in IVR training applications. In its architecture and component structure,
WebXRIT follows the conventions of Unity’s XR Interaction Toolkit (XRIT). This design choice aims
to facilitate adoption among Unity developers by providing familiar code structures and interaction
patterns, thereby also simplifying the porting of existing Unity-based XR projects to WebXR.

Our solution differs from XRIT in two key aspects: (1) a lightweight architectural approach, and
(2) a simplified decentralized interaction management system.

3.1 Lightweight Architectural Approach
WebXRIT adopts the XRIT concept of dividing interaction functionality into two component types:
Interactors and Interactables7. Interactables are objects in the virtual environment (VE) that can
be selected (e.g., tools that are grabbed by the user) and manipulated (e.g., changing state upon
activation, such as scissors opening and closing). Interactors are responsible for performing these
actions on the interactables. The most common type of interactor is the DirectInteractor, which is
attached to the user’s virtual hands and enables them to pick up and manipulate virtual objects that
have corresponding interactable components attached, such as task-related tools or equipment in a
typical IVR training scenario. Other types of interactors in the XRIT enable interactions via gaze-
based or raycast-based mechanisms, or even without direct user input, such as SocketInteractors,
which can automatically select interactables as soon as they enter a designated area of the VE (e.g.,
a keyhole that automatically holds a key when it is placed inside it).

We adopt this division of interaction components in WebXRIT because it represents a core
design principle of Unity’s default XR Interaction Toolkit (XRIT). Novice and intermediate Unity
XR developers are therefore likely to be familiar with this interaction model, and existing Unity-
based standalone XR projects implemented with XRIT can be ported to WebXR by replacing XRIT
components with their corresponding WebXRIT counterparts (see Section 3.3).

Compared to XRIT, however, the interaction components of WebXRIT provide a deliberately
reduced functional scope that primarily implements the interaction types of selection and manipu-
lation of virtual objects. These interaction types were chosen because they have been identified
by several authors as the most fundamental forms of interaction in IVR applications [6, 15, 51]
and are also among the most frequently used interaction design elements in educational VR appli-
cations [42]. High-level XRIT features, such as interaction filtering, are intentionally omitted in
WebXRIT. Such features introduce additional checks and delegation mechanisms for each interac-
tion between interactors and interactables, which can negatively affect the runtime performance of
WebXR applications.

In its current version, WebXRIT exclusively relies on event-based collision detection between
interactors and interactables using Unity’s physics system (see Section 3.2) as the underlying
selection and manipulation technique. Continuous per-frame interaction monitoring or additional
interaction mechanisms based on physics raycasts, as provided by XRIT, are not supported at this
stage. Currently WebXRIT offers a more limited feature set than Unity’s XRIT. However, due to this

7 https://docs.unity3d.com/Packages/com.unity.xr.interaction.toolkit@3.2/manual/interaction-components.html, accessed
on October 20, 2025.
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lightweight architectural approach, WebXRIT achieves reduced system complexity and improved
runtime performance when using basic interaction types (selection and manipulation) in WebXR
builds, as demonstrated in Section 4.

The XRIT provides components for processing input through both handheld controllers and
optical hand tracking. While hand tracking may be more suitable for certain tasks within specific
domains [2, 8, 45], our toolkit is designed to be broadly applicable across multiple domains and to
ensure backward compatibility with IVR systems lacking hand tracking. Since controllers in IVR
training applications have also been shown to achieve equal or superior task performance in terms
of accuracy, speed, and error rate [24, 26, 37], the current iteration of WebXRIT uses controllers as
the default input modality. Input processing and the tracking of controller position and orientation
are handled via the WebXR Export plugin. This lightweight design supports the interoperability of
WebXR training applications built with WebXRIT, allowing them to run not only on current state
of the art HMDs but also on previous generations of stationary or mobile HMDs, such as Oculus
Quest or HTC Vive.

3.2 Interaction Management
In the XRIT, a dedicated manager component8 must be present in every Unity scene to serve as
an intermediary between all interaction components. At runtime, in each frame, this manager
queries all interactors and interactables in the scene and updates their interaction states (e.g., which
interactor is currently selecting or manipulating which interactable) through an event system.
While this centralized architecture ensures consistency across a wide range of specialized interac-
tion components (e.g., components for gaze-based interaction), it can also introduce significant
performance overhead in training scenarios that require only basic interactions.

To optimize runtime performance, WebXRIT employs a simplified and decentralized interaction
management approach. In our system, interactors directly manage nearby interactables through
Unity’s physics components and parent–child object relationships within the scene hierarchy.

Interaction management in the WebXRIT is proximity-based and relies on Unity’s physics Col-
liders9, which are attached to all interaction components. During runtime, when the collider of an
interactor begins to overlap with the collider of an interactable (e.g., when a virtual hand reaches
toward an item), Unity’s physics event function OnTriggerEnter is invoked on the interactor. This
event causes the interactor to add the corresponding interactable to an internal list of contactInter-
actables in the frame in which the overlap occurs. This process applies to all interactables within
the collider range of the interactor. Conversely, when an interactable ceases to overlap with the
interactor’s collider, the OnTriggerExit event is triggered and the interactable is removed from
the contactInteractables list. Through this mechanism, each interactor continuously maintains an
up-to-date set of all interactables in its immediate proximity. When a selection action is performed
(e.g., when the user presses the grip button on the controller to grab an item), the interactor selects
the closest interactable from the contactInteractables list and attaches it by making it a child object
of the interactor within the scene hierarchy (see Section 3.3.3). Once selected, an interactable can
be manipulated or released by the interactor (see Sections 3.3.1 and 3.3.3). Figure 2 illustrates the
sequence of proximity detection, selection, and manipulation events between a DirectInteractor
and an Interactable in the WebXRIT using a UML sequence diagram.

This interaction management approach renders interactions purely event-driven, as interaction
logic is executed only in response to collision or input events and only in the frames in which

8 https://docs.unity3d.com/Packages/com.unity.xr.interaction.toolkit@3.3/manual/xr-interaction-manager.html, accessed
on October 15, 2025
9 https://docs.unity3d.com/ScriptReference/Collider.html, accessed on February 08, 2026.
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Fig. 2. Simplified sequence diagram of the primary interaction loop of the WebXRIT, illustrated using the
interaction between a DirectInteractor and an Interactable. Potential interaction candidates (interactables) are
managed in a proximity-based, event-driven manner by the DirectInteractor using Unity physics callbacks
(OnTriggerEnter / OnTriggerExit ), which update a local set of nearby Interactables. Selection and manipulation
are resolved through explicit user input: when the grip button is pressed, the DirectInteractor selects the
nearest candidate and attaches it to itself (i.e., the user’s hand); trigger input invokes activation events, and
releasing the grip detaches the Interactable.

these events occur. Consequently, WebXRIT avoids continuous per-frame updates of interaction
states for all components, which are employed in the XRIT. Rather than relying on a centralized
interaction manager that processes all interaction components in the scene, WebXRIT adopts a
decentralized design in which each interactor manages interactions exclusively with interactables
in its immediate proximity. This design is not intended to replicate the full interaction feature set
of XRIT. Instead, it focuses on implementing the fundamental interaction types of selection and
manipulation by proximity with reduced computational overhead, thereby improving runtime
performance in WebXR builds. The decentralized structure also facilitates extensibility, allowing
developers to easily integrate custom components with additional functionality into the toolkit.
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3.3 Interaction Components
WebXRIT currently includes two types of interactors, a DirectInteractor (WebXRDirectInteractor)
and a SocketInteractor (WebXRSocketInteractor), as well as a general-purpose Interactable (WebXRIn-
teractable). These components are modeled after their XRIT counterparts, XRDirectInteractor10 ,
XRSocketInteractor11, and XRGrabInteractable12, and represent lightweight WebXR equivalents of
these Unity components.

Figure 1 illustrates the system overview of WebXRIT, showing all components and their rela-
tionships within the Unity environment and the following sections describe each component in
detail.

3.3.1 WebXRDirectInteractor. The WebXRDirectInteractor is an interactor component that is at-
tached to the user’s virtual hands (e.g., 3D hand models), with one instance per hand. Each instance
holds a reference to its corresponding controller. For example, the left-hand WebXRDirectInteractor
references the left controller, and processes input received from it.

A WebXRDirectInteractor enables users to perform direct selection of interactable components
in the virtual environment by “grabbing” them with their virtual hands, typically by pressing the
grip button on the controller. Before an interactable is selected, the WebXRDirectInteractor enters a
hover state in which it uses a Unity Collider component to detect interactables within range, i.e.,
those overlapping with its collider boundaries (Figure 1d). By default, the closest interactable within
range is targeted for selection. Interactables currently held by the user can also be manipulated
or “activated” by pressing the trigger button on the controller. When activated, a dedicated On
Activation event may be executed if one is defined for the interactable. For example, a pair of
medical scissors held by the user could trigger a cutting animation when activated (Figure 1e).

3.3.2 WebXRSocketInteractor. The WebXRSocketInteractor is used to hold interactables via a socket
and serves as a virtual storage or placement area for objects. Unlike the WebXRDirectInteractor, it is
not connected to any controller and can be attached to any GameObject equipped with a collider
component.

An active WebXRSocketInteractor automatically selects and attaches the closest interactable
located within the boundaries of its collider. The position and orientation of an attached inter-
actable can be defined by an optional Transform13 component, otherwise the Transform of the
WebXRSocketInteractor itself is used. When an interactable held by a WebXRDirectInteractor (i.e.,
the user’s virtual hand) enters the socket’s collider, a preview of the interactable can be displayed
at the socket’s attach position (Figure 3a). If the user releases the interactable by releasing the
grip button, it automatically snaps into place and becomes attached to the socket (Figure 3b). A
WebXRSocketInteractor can hold only one interactable at a time. Interactables can be removed from
sockets simply by grabbing them again with a WebXRDirectInteractor.

Sockets are particularly versatile in IVR training scenarios, as they can be used to design a variety
of training tasks, such as sorting, arranging, or assembling objects, for example, combining medical
components to assemble a syringe before an injection (Figure 3c-d). Additionally, if a scenario
provides a virtual body for the user a WebXRSocketInteractor can also be attached to it to simulate
tasks like putting on protective work clothing.

10 https://docs.unity3d.com/Packages/com.unity.xr.interaction.toolkit@3.3/manual/xr-direct-interactor.html, accessed on
October 15, 2025.
11 https://docs.unity3d.com/Packages/com.unity.xr.interaction.toolkit@3.3/manual/xr-socket-interactor.html, accessed on
October 15, 2025.
12 https://docs.unity3d.com/Packages/com.unity.xr.interaction.toolkit@3.3/manual/xr-grab-interactable.html, accessed on
October 15, 2025.
13 https://docs.unity3d.com/ScriptReference/Transform.html, accessed on October 20, 2025
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Fig. 3. Use cases ofWebXRSocketInteractors. (a–b) Arrangement task: placing a medical item on a dressing
trolley. (c–d) Assembling task: combining a syringe and a needle. In both cases, theWebXRSocketInteractor
automatically selects and attaches Interactables released by aWebXRDirectInteractor.

3.3.3 WebXRInteractable. A WebXRInteractable is a component that can be selected and manipu-
lated by any interactor (e.g., grabbed by aWebXRDirectInteractor ). During selection, the interactable
becomes a child of the selecting interactor within the scene hierarchy (Figure 4), meaning it follows
the interactor’s movement by matching its local position and rotation, for instance, following
the user’s hand movements while being held. Each WebXRInteractable requires both a collider
and a Rigidbody14 (Unity’s 3D physics component) to detect interactions through Unity’s physics
engine. However, once an interactable is selected, its physics simulation is disabled by default to
avoid unnecessary processing and unintended collisions, and it becomes a kinematic object. Upon
release, the parent–child relationship between the interactor and the interactable is removed, and
the physics simulation is re-enabled.

The WebXRInteractable supports custom responses to selection and manipulation events through
its On Select and On Activate properties. These properties are implemented as Unity Events15 that
can hold multiple serialized function calls to other GameObjects or components within the scene.
Typical uses include triggering Unity API functions such as playing animations or audio clips, which
can be configured directly in the Unity Editor without additional scripting. For example, when the
user holds a pair of medical scissors during a nursing training scenario, activating the interactable
could play both a cutting animation and a corresponding sound effect. Furthermore, the On Select
and On Activate properties can call functions on custom components attached to the interactable,
thus providing interfaces for easily extending interaction behaviors through user-defined scripts if
required. As an example for the integration of a custom component into the WebXRIT, this paper
introduces a Hand Pose Container, an optional component that can be attached to interactables
to define the specific hand gesture the user’s virtual hand should adopt when “grabbing” (i.e.,
selecting) that interactable (Figure 4).

4 Performance Test Design
To evaluate the runtime performance of the proposed WebXR Interaction Toolkit (WebXRIT) in
comparison to Unity’s XR Interaction Toolkit (XRIT), we used the same Unity training scene to
create WebXR applications (builds) based on both frameworks, that are functionally equivalent. The
following sections describe the evaluation metric, the virtual environment, relevant configuration
factors, and the measurement procedure.

4.1 Performance Metric
Performance was assessed using the frame rate, expressed in frames per second (FPS). The frame
rate denotes the number of images (frames) that an application can generate and pass to a display
14 https://docs.unity3d.com/ScriptReference/Rigidbody.html, accessed on October 20, 2025.
15 https://docs.unity3d.com/6000.2/Documentation/ScriptReference/Events.UnityEvent.html, accessed on October 20, 2025.
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Fig. 4. Relationship between WebXRDirectInteractors and WebXRInteractables. When a user selects an inter-
actable by pressing the grip button on the controller, it becomes a child of the DirectInteractor in the scene
hierarchy, raising an On Select event. Likewise, when the user presses the trigger button, the interactable’s
On Activate event is raised. Both events can be used to control component behaviours such as hand poses
and object animations (e.g., performing a “cut” animation with scissors).

in one second. It is a critical determinant of user experience, particularly in virtual reality, where
higher frame rates are strongly preferred to reduce visual discomfort and enhance the perception
of smooth motion [49].

To minimize perceptual artifacts such as motion blur or judder, the frame rate should ideally
match the fixed refresh rate of the display in hertz (Hz) [52]. On the Meta Quest 3, the default
refresh rate is 72 Hz for native applications16 and 90 Hz for WebXR applications executed in the
integrated browser17. Based on these specifications, we defined 90 FPS or higher as the optimal
target frame rate for WebXR applications, while 72 FPS was selected as the minimum acceptance
threshold, representing the default performance of native applications.

4.2 Virtual Environment
The Unity scene used in all performance tests implements a training scenario for the nursing proce-
dure “Aseptic Change of Wound Dressing”. Figure 5 shows the virtual environment. It represents a
patient room with a patient lying in bed and a dressing trolley containing various medical materials
(tweezers, swabs, compresses). The scene is designed as a fully functional training environment,
enabling nursing students to practice procedural steps with optional text-based guidance via a User
Interface (UI) in world space.

From a technical perspective, the scene consist of 724 GameObjects in total, of which 183 are
3D objects with mesh geometry. It employs 67 unique materials and references 47 unique textures.
In terms of geometric complexity, the combined mesh content amounts to approximately 58,000
triangles. The largest meshes include the patient model (≈10,000 triangles) and the dressing trolley
(≈7,000 triangles). To support rendering optimizations, static objects were flagged accordingly,
while dynamic ones remained unflagged. No additional manual performance optimizations were
applied to the meshes, textures, or materials.
16 https://developers.meta.com/horizon/documentation/unity/unity-set-disp-freq, accessed on October 20, 2025.
17 https://developers.meta.com/horizon/documentation/web/browser-specs/, accessed on October 20, 2025.
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Fig. 5. Virtual environment of the Unity test scene showing an overview of all main GameObjects (left) and a
close-up of the medical materials on the dressing trolley (right).

4.3 Configuration Factors
Runtime performance in Unity-based WebXR applications is not only influenced by the interaction
toolkit but also by several engine- and rendering-related configuration factors. These include the
Unity editor version, the render pipeline and the chosen color space.

Unity Editor Versions. Our test design included two Unity editor versions: the Long-Term Support
release Unity 2021 (U21, version 2021.3.45f1, released 2024), which is the version currently used for
WebXRIT development, and the more recent Unity 6 (U6, version 6000.1.8f1, released 2025). The
latter introduces improved support for web runtimes and render pipeline optimizations that may
impact WebXR performance18.

Render Pipelines. Unity supports three major render pipelines19: the legacy Built-in Render
Pipeline (BiRP), the Universal Render Pipeline (URP), and the High Definition Render Pipeline
(HDRP). Since HDRP is tailored for photorealistic physically-based rendering and unsuitable for
mobile VR due to its high computational demands, it was excluded. Our evaluation therefore
focused on BiRP and URP:

• Built-in Render Pipeline (BiRP): Unity’s legacy default pipeline, providing a general-
purpose solution that remains widely used in VR projects.

• Universal Render Pipeline (URP): A lightweight, scriptable render pipeline designed for
scalability across a wide range of platforms, from high-end PCs to mobile VR devices.

To ensure comparability, all builds employed the default render quality settings of the chosen
pipeline, adjusted in line with Unity’s20 and Meta’s21 recommendations for mobile VR. These
included:

• Graphics API: WebGL 2
• High Dynamic Range (HDR): disabled
• Antialiasing: MSAA 4×
• Static Batching: enabled
• Dynamic Batching: enabled

18 https://unity.com/blog/unity-6-features-announcement, accessed on October 20, 2025.
19 https://docs.unity3d.com/6000.2/Documentation/Manual/render-pipelines.html, accessed on October 20, 2025.
20 https://learn.unity.com/tutorial/optimizing-your-vr-ar-experiences, accessed on October 20, 2025.
21 https://developers.meta.com/horizon/blog/tech-note-unity-settings-for-mobile-vr/, accessed on October 20, 2025.
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All builds used baked lighting with an identical lightmap and excluded post-processing effects.
In addition, all builds employed the same version of the WebXR Export plugin (v0.22.1)22. In the
Unity build settings, we enabled ASTC texture compression, set code optimization to “Speed,” and
selected “Faster runtime” for code generation.

Color Spaces. Both render pipelines support Gamma and Linear color spaces for color repre-
sentation during rendering. While Gamma is the historical default, Linear rendering yields more
physically plausible results. Given potential runtime differences, both modes were included in the
evaluation.

Factorial Design. To systematically assess these factors, we generated builds for all possible
permutations:

• Interaction Toolkit: WebXRIT vs. XRIT
• Editor Version: U21 vs. U6
• Render Pipeline: URP vs. BiRP
• Color Space: Gamma vs. Linear

This resulted in 16 unique build configurations (e.g., WebXRIT U21 URP Gamma).

4.4 Method and Procedure
All builds were hosted on a static web server within a local network and executed independently
in the browser of a Meta Quest 3 (software version 77.1026, browser version 39.0).

For each build, performance was measured over a 60-second interval. A custom C# script
sampled the current frame rate every 0.1 seconds (10 Hz). This frequency was chosen to minimize
both measurement overhead and temporal autocorrelation.

To ensure consistent rendering workloads, all tests followed a scripted animation sequence
consisting of two phases:

• Phase 1 (20 s): Simulated user movement by animating the VR rig and virtual camera.
The animation replicated the initial steps of training, including entering the patient’s room,
passing along the bed, and focusing sequentially on the patient and the dressing trolley.

• Phase 2 (40 s): No simulated movement; the camera remained fixed on a predefined view
encompassing the dressing trolley with medical materials, the UI, and part of the patient’s bed.
This view corresponds to a typical working perspective in the training scenario, as it requires
simultaneous rendering of several complex objects with distinct materials and textures.

In addition, the UI was kept active during both phases and a guidance text placeholder was
displayed continuously to account for the performance impact of Unity UI components (e.g., text
fields).

5 Results & Analysis
In total, only 12 of the initial 16 unique build configurations were available for evaluation. Four
configurations that combined Unity 6 with the Universal Render Pipeline (URP) were excluded
during testing, as it appears that they are incompatible with theWebXR Export plugin and exhibited
errors in the display subsystem: Only one side of the stereoscopic display of the HMD was rendered
correctly, while the other displayed a blank field. Consequently, no valid performance data could be
obtained for these configurations. All results reported below are therefore based on the remaining
12 valid build configurations.

22https://openupm.com/packages/com.de-panther.webxr/, accessed on October 20, 2025
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Table 1. Descriptive statistics of frame rate (FPS) and frame time (FT, in ms) across the 12 valid build
configurations. Reported are mean, median, and standard deviation (SD), as well as the 90th percentile FPS.

Configuration FPS FT [ms]

Mean Median SD 90th Perc Mean Median SD

WebXRIT U21 BiRP Gamma 77.69 77.97 9.93 64.28 14.25 12.83 29.51
WebXRIT U21 BiRP Linear 73.69 73.53 10.81 62.84 15.42 13.60 37.65
WebXRIT U6 BiRP Gamma 72.78 72.73 12.02 59.32 15.36 13.75 29.59
WebXRIT U6 BiRP Linear 71.75 72.07 9.35 63.06 15.56 13.88 33.52
WebXRIT U21 URP Gamma 66.83 69.86 11.80 45.13 17.52 14.31 49.84
XRIT U21 BiRP Linear 69.70 69.72 8.58 59.64 16.24 14.34 41.94
XRIT U21 BiRP Gamma 69.20 68.76 10.27 59.06 16.36 14.54 38.71
XRIT U6 BiRP Gamma 66.92 67.31 8.05 59.32 16.78 14.86 40.23
XRIT U21 URP Gamma 62.24 64.70 10.24 45.00 18.41 15.46 35.50
XRIT U6 BiRP Linear 64.15 64.22 9.03 54.05 17.62 15.57 42.82
WebXRIT U21 URP Linear 49.70 45.70 6.91 44.84 22.53 21.88 51.54
XRIT U21 URP Linear 46.29 45.00 4.89 44.76 23.91 22.22 52.16

5.1 Descriptive Statistics
For each configuration, we computed descriptive statistics on the raw frame rate (FPS) time series.
Themetrics includedmean, median, and standard deviation (SD) of FPS, as well as the 90th percentile
FPS23. This measure is frequently used in benchmarking tools for real-time 3D applications such as
FrameView24, as it provides a stricter characterization of the performance experienced by users
in a real use case scenario. In addition, we derived the frame time (FT), defined as the rendering
duration per frame in milliseconds (ms), calculated for each raw data point as 𝐹𝑇 = 1000/FPS. FT
offers a complementary perspective on the pacing of the WebXR application, as it directly expresses
the time interval between two consecutive frames. If FT is unstable, users may perceive stutter even
when the average frame rate is high. We therefore report mean, median, and standard deviation of
FT alongside the FPS-based measures.

Across all configurations, mean FPS ranged from approximately ∼46 (XRIT U21 URP Linear)
to ∼78 (WebXRIT U21 BiRP Gamma). WebXRIT builds consistently achieved higher average FPS
and lower frame times than XRIT builds under otherwise identical conditions. Table 1 summarizes
the descriptive statistics for all 12 valid configurations, ordered by median FPS values. The same
ordering is applied in Figure 6, which illustrates the FPS distributions as violin plots. Medians
(yellow line), means (black diamond), and 90th-percentile FPS (red triangle) are marked for each
distribution.

5.2 Inferential Statistics
From the performance measurements of our 12 valid build configurations, we pre-registered
contrasts isolating the framework effect (WebXRIT vs. XRIT) on FPS, while holding the other
configuration factors (Unity version, render pipeline, and color space) constant, thus resulting in
six configuration pairs (e.g., WebXRIT U6 BiRP Gamma vs. XRIT U6 BiRP Gamma) for statistical
comparison.
23In this context, the 90th percentile indicates that 90% of all rendered frames achieved at least this frame rate.
24 https://www.nvidia.com/en-us/geforce/news/nvidia-frameview-power-and-performance-benchmarking-app-download/,
accessed on October 20, 2025.
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Fig. 6. FPS distributions for the 12 valid configurations (raw samples). Medians (yellow), means (black), and
90th-percentile FPS (red) are indicated.

De-correlation of FPS Data. Due to temporal coherence, adjacent frames in real-time rendering
applications are often correlated in content and workload, and therefore frame times (and instanta-
neous FPS) tend to be serially dependent [43]. To assess this in our data, we applied Ljung–Box
tests up to lag 150 (15 s) on the raw FPS time series, which revealed significant autocorrelation in
all datasets.

To attenuate this dependence before inferential testing, each 60-second FPS time series was
aggregated into non-overlapping 5-second blocks, each consisting of 50 raw samples.This procedure
yielded 𝑛 = 12 aggregated observations per configuration. Residual autocorrelation in these
aggregates was again evaluated using the Ljung–Box test at lags 1–3 (15 s). The smallest observed 𝑝-
value was 𝑝 = 0.0504; all other minima exceeded this value. Thus, at 𝛼 = 0.05we found no evidence
of residual autocorrelation, supporting the use of standard unpaired tests on the aggregated data.

Pairwise Framework Comparisons. A Shapiro-Wilk test revealed that the aggregated data was
not normally distributed, so for each of the six valid configuration pairs, we compared WebXRIT
vs. XRIT using a two-sided Mann–Whitney 𝑈 test on the 5-second aggregates. Family-wise error
was controlled using Bonferroni adjustment across the six tests (𝛼′ = 0.05/6 ≈ 0.0083). We report
the mean difference in FPS (ΔMean), the Bonferroni-adjusted 𝑝-value (𝑝adj), and the rank-biserial
correlation (𝑟rb) as an effect size, which is interpreted via the probability of superiority following
Vargha and Delaney [46]. Results are summarized in Table 2.

Three of the six comparisons remain significant after Bonferroni correction (both U6 BiRP
conditions and U21 BiRP Gamma).These significant comparisons exhibit large effect sizes (𝑟rb = 0.68
(𝐴 = 0.84), 0.72 (𝐴 = 0.86), 0.85 (𝐴 = 0.92)), indicating a consistent performance advantage of
WebXRIT over XRIT. The remaining three comparisons also showed positive mean differences in
favor of WebXRIT, but did not reach the adjusted significance threshold.
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Table 2. Pairwise comparisons of WebXRIT vs. XRIT on 5-second aggregates using Mann–Whitney 𝑈 tests.
ΔMean denotes the difference in mean FPS (WebXRIT minus XRIT). 𝑝adj indicates Bonferroni-adjusted 𝑝-
values (𝛼 ′ = 0.0083). Effect sizes are reported as the rank-biserial correlation 𝑟rb together with the equivalent
Vargha–Delaney probability of superiority (𝐴 = (𝑟rb + 1)/2). Effect size magnitudes are interpreted following
Vargha and Delaney [46]: negligible (|𝑟rb| < 0.11), small (0.11 ≤ |𝑟rb| < 0.28), moderate (0.28 ≤ |𝑟rb| < 0.43),
and large (|𝑟rb| ≥ 0.43). Asterisks mark results significant after Bonferroni correction.

Pair ΔMean 𝑈 𝑝raw 𝑝adj 𝑟rb (A) Effect

WebXRIT U6 BiRP Gamma vs.
XRIT U6 BiRP Gamma

5.87 121 0.0051 0.0306∗ 0.68 (0.84) Large

WebXRIT U6 BiRP Linear vs.
XRIT U6 BiRP Linear

7.61 124 0.0029 0.0177∗ 0.72 (0.86) Large

WebXRIT U21 BiRP Gamma vs.
XRIT U21 BiRP Gamma

8.46 133 0.0005 0.0029∗ 0.85 (0.92) Large

WebXRIT U21 BiRP Linear vs.
XRIT U21 BiRP Linear

4.00 110 0.0304 0.1823 0.53 (0.76) Large

WebXRIT U21 URP Gamma vs.
XRIT U21 URP Gamma

4.61 115 0.0141 0.0848 0.60 (0.80) Large

WebXRIT U21 URP Linear vs.
XRIT U21 URP Linear

3.40 113 0.0194 0.1162 0.57 (0.78) Large

Mixed-effects model. To estimate a single overall framework effect, we fit a linear mixed-effects
model to the 5-s FPS aggregates with FPS as the dependent variable, Framework (reference =
WebXRIT; contrast = XRIT) as a fixed effect, and a random intercept for the configuration context
(the six combinations of Unity version × render pipeline × color space). The model was estimated via
REML. We analyzed 144 aggregated observations across six configuration contexts (24 per context;
12 WebXRIT and 12 XRIT within each context). The model converged successfully and indicated a
robust framework effect (Appendix A, Table 3, Table 4). After accounting for systematic differences
between configuration contexts, WebXRIT builds were associated with an average increase of
approximately 5.7 FPS relative to XRIT, representing a statistically and practically meaningful
performance advantage.

6 Discussion
Across all configurations, our results demonstrate superior runtime performance of the WebXR
Interaction Toolkit (WebXRIT) compared to Unity’s XR Interaction Toolkit (XRIT). The four best-
performing configurations (Table 1) all employ WebXRIT. Each of these configurations achieved
a median frame rate of 72 FPS or higher, meeting or exceeding the defined minimum acceptance
threshold for acceptable performance in WebXR applications. The best overall configuration, We-
bXRIT U21 BiRP Gamma, reached a median of 78 FPS. In contrast, the best configuration using
XRIT (XRIT U21 BiRP Linear ) achieved a median frame rate of approximately 70 FPS, falling just
below the defined threshold. In terms of the 90th percentile FPS, none of the tested configurations
reached the target threshold. The highest value observed among the WebXRIT configurations was
approximately 64 FPS (WebXRIT U21 BiRP Gamma), whereas the top XRIT configuration achieved
about 60 FPS (XRIT U21 BiRP Linear ).

According to Unity’s best practices for performance optimization25, potential differences in
performance between the WebXRIT and the XRIT may be explained by variations in the number

25 https://unity.com/how-to/best-practices-for-profiling-game-performance, accessed on October 20, 2025.
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of draw calls, or in the CPU and GPU time per frame. In the Unity engine, a draw call denotes a
command issued by the CPU to the graphics API, instructing the GPU to render a specific mesh with
defined materials and shaders26. Each draw call introduces CPU overhead for command submission
and state management, while the corresponding GPU rendering time depends on the geometric and
shading complexity processed per call. Applications with a large number of draw calls can therefore
become CPU-bound, whereas those with complex shaders or large meshes may become GPU-bound.
As described in section 4.2, all performance tests used the same virtual environment (with identical
3D meshes, materials, animations) and the same browser graphics API (WebGL 2.0). Consequently,
neither the number of draw calls on the CPU side nor the geometric complexity processed by
the GPU should vary between builds. However, an application can also become CPU-bound if
certain tasks within the application logic take excessive processing time or if the implementation
inadvertently increases the number of draw calls (e.g., by affecting draw call batching). To verify
these assumptions, future measurements should include draw call counts as well as CPU and GPU
time per frame.

It is notable that the four best-performing configurations, as well as all configurations in which
performance differences between frameworks were statistically significant, use the Built-in Render
Pipeline (BiRP). This finding is somewhat unexpected, as one might assume that Unity’s more recent
Universal Render Pipeline (URP), which is also recommended by Unity for web-based applications27,
would outperform the older BiRP. A plausible explanation lies in the maturity of the BiRP, which
represents Unity’s longest-maintained rendering system. Its extended development history suggests
extensive optimization and stability across a wide range of platforms. However, the proprietary
nature of Unity’s rendering system prevents a more detailed analysis of the internal causes for the
observed performance differences.

For our current solution, the BiRP appears to provide the best runtime performance. This also
offers a practical advantage: many existing VR projects in Unity that were originally developed with
the BiRP could be ported toWebXR builds withminimal modifications usingWebXRIT. Nevertheless,
URP performance could potentially be improved by leveraging new Unity engine technologies
not available to BiRP. These include advanced draw-call batching through the Scriptable Render
Pipeline (SRP) Batcher, which could reduce CPU overhead28. Additionally, the URP already provides
experimental support for the emerging browser graphics API WebGPU. WebGPU29 is currently
in the W3C Candidate Recommendation phase and is expected to succeed WebGL as the primary
graphics standard for the web [9, 12]. Even when used with URP, WebXRIT configurations achieved
median frame rates of up to approximately 70 FPS (WebXRIT U21 URP Gamma), and across all
configurations with the URP, WebXRIT consistently outperformed XRIT, although these differences
did not reach statistical significance.

The combination of the older Unity editor version (U21) and the current render pipeline (URP ) re-
sulted in the weakest overall performance across all tests, with median frame rates of approximately
46–50 FPS—slightly above half the display’s refresh rate. This result can likely be explained by the
fact that the newer URP is more tightly integrated into recent Unity editor versions. Consequently,
the combination of U21 and URP may suffer from suboptimal compatibility and limited optimiza-
tion. The findings associated with this configuration are therefore of minor practical relevance for
future WebXR application development, as upcoming projects are more likely to employ Unity 6 in
conjunction with the URP, which continues to receive performance and integration improvements
in newer Unity releases.
26 https://docs.unity3d.com/6000.2/Documentation/Manual/optimizing-draw-calls.html, accessed on October 20, 2025.
27 https://unity.com/how-to/profile-optimize-web-build, accessed on October 20, 2025.
28 https://docs.unity3d.com/6000.2/Documentation/Manual/SRPBatcher.html, accessed on October 20, 2025.
29 https://www.w3.org/TR/webgpu/, accessed on October 20, 2025.
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The interplay between the game engine, interaction toolkit, build configurations, and web graph-
ics API in the creation of WebXR applications with Unity is inherently complex, with performance
depending on a multitude of interacting factors. To enable the future development of easily accessi-
ble, browser-based IVR applications that offer rich interaction capabilities, these factors require
continued investigation, and software solutions supporting the integration of WebXR into 3D en-
gines should be further refined and optimized. Nevertheless, as demonstrated by our performance
tests, the proposedWebXR Interaction Toolkit (WebXRIT) already enables the creation of performant
IVR training scenarios within Unity.

7 Limitations & Future Work
The current version of the WebXR Interaction Toolkit (WebXRIT) is available as an open-source
project at: https://github.com/tino-hentschel/webxrit. The toolkit is still under active development,
and several technical limitations remain that will be addressed in these upcoming versions.

Currently, WebXRIT supports only controller-based input and does not yet provide hand-tracking
capabilities, which are offered by many modern HMDs [48]. Although hand tracking can already
be enabled in WebXR via the WebXR Export plugin, WebXRIT does not yet include dedicated
components for handling such input modalities.

Through Unity’s build pipeline, it is also already possible to create AR applications using the
WebXR Export plugin andWebXRIT. However, specific AR components have not yet been developed
or tested. Future iterations of the toolkit aim to extend all basic interaction types to AR contexts.

Although the VE used in our performance tests includes a UI that displays text elements, the
current version of WebXRIT does not yet provide components supporting interaction with Unity
UI elements such as buttons, sliders, or drop-down menus. These components are planned for
inclusion in future versions of the toolkit to facilitate the development of hybrid 3D and 2D user
interfaces in WebXR applications.

In terms of navigation, the current version of WebXRIT supports only room-scale real walking
and joystick-based continuous movement. The latter method can induce motion sickness in some
users [26]. Accordingly, future versions of the toolkit will include additional navigation techniques
such as teleportation and snap turning to provide more comfort and accessibility across user groups.

In this paper, frame rate was selected as the primary performance metric to provide an initial
assessment of the toolkit’s runtime efficiency across different build configurations and in comparison
to XRIT. Future studies should include additional performance metrics, such as CPU and GPU time
per frame, and input latency, to better identify potential performance bottlenecks and to inform
optimization strategies. Moreover, comparative analyses with XR frameworks and interaction
toolkits from other engines, such as Unreal Engine30, Godot Engine31, or the Wonderland Engine32,
could provide further insights to derive best practices for WebXR development.

In addition, our performance evaluation was conducted using a single VE with a fixed level
of scene complexity. This design choice was made to isolate the effect of the interaction toolkit
itself by holding key complexity parameters, such as geometric detail and asset composition,
constant across all conditions. While this allows for controlled comparisons between WebXRIT
and XRIT, it limits the generalizability of the results to scenarios with different levels of visual and
geometric complexity. Future work should therefore evaluate performance across multiple VEs
with systematically varied complexity levels.

30 https://www.unrealengine.com, accessed on October 20, 2025.
31 https://godotengine.org, accessed on October 20, 2025.
32 https://wonderlandengine.com, accessed on October 20, 2025.
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Beyond performance, future research should also assess the user experience of WebXR training
applications developed with WebXRIT, as well as the usability and developer experience of the
toolkit itself.
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A Mixed-Effects Model Tables

Table 3. Mixed-effects model summary for FPS (5-s aggregates).

Model MixedLM (REML)
Dependent variable FPS
No. Observations 144
No. Groups 6
Min. group size 24
Max. group size 24
Mean group size 24.0
Scale (𝜎2) 29.6961
Log-Likelihood −457.1475
Converged Yes

Table 4. Fixed effects and random-effects summaries from the mixed-effects model (p-values from two-sided
Wald 𝑧-tests).

Term Coef. SE 𝑧 𝑝 2.5% 97.5%

Fixed effects
Intercept 68.738 3.825 17.970 3.36 × 10−72 61.241 76.236
Framework[T.XRIT] -5.658 0.908 -6.230 4.67 × 10−10 -7.438 -3.878

Random effects
Random intercept vari-
ance (configuration con-
text)

85.318 10.227

Random intercept SD
(configuration context)

9.24

Residual SD (√Scale) 5.45
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