Design and implementation of modular animated agents
in VR using inverse kinematics and XR Toolkit

Oleksiy Sinkevych®", Yuliia Sapsa®’ and Oleksandr Storozhuk®"

"Ukrainian National Forestry University, 103 Henerala Chuprynky Str., Lviv, 79057, Ukraine
2University of Valladolid, Pl. Campus Universitario, 1, 47011 Valladolid, Spain

Abstract

This paper presents a reproducible pipeline for building interactive animated characters in virtual reality (VR)
environments, aimed at educational and small-team research settings. The pipeline couples Blender for skeletal
rigging and keyframe animation with Unity’s XR Interaction Toolkit for runtime control and interaction handling.
We formalize the VR scene as a set of agents, interactive objects, and spatial trigger zones; drive character
behavior with a finite-state machine over baked animation clips; and route user input, collisions, and physics-
based responses through XR controllers. A functional prototype — a low-polygon VR shooter — demonstrates
the feasibility of the pipeline end to end and serves as a testbed for animation control and interaction logic.
Its modular, component-based architecture can be extended toward training simulators and other interaction-
intensive VR scenarios, and provides a starting point for work on human-agent interaction, behavioral modeling,
and procedural content generation.
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1. Introduction

Virtual reality (VR) has become an increasingly relevant field of research due to its growing application
in simulation, training, and digital interaction design [1]. The development of realistic and responsive
3D characters within immersive VR environments is a crucial component in ensuring both functional
and emotional engagement of the user [2]. Despite the availability of mature game engines and
modeling tools, the process of integrating animated characters into VR applications remains insufficiently
formalized, particularly for educational use cases and low-cost development settings [3].

This paper addresses that gap by synthesizing a coherent pipeline for creating and controlling
interactive 3D characters in VR from open-source modeling tools and a freely available game engine.
We focus on the design, animation, and integration of low-polygon humanoid characters, using Blender
for skeletal rigging and animation and Unity with the XR Interaction Toolkit for real-time deployment
and user interaction [4, 5, 6]. To exercise the pipeline end to end, we developed a prototype VR system
in the form of a low-polygon mini-shooter, which serves as a working demonstration of animation
control, interaction mechanics, and system responsiveness.

The methodology is grounded in a formal decomposition of the virtual environment into agents,
interactive objects, and spatial interaction zones [7]. The animation subsystem is based on a skeletal
rig augmented with inverse kinematics (IK) at authoring time, which allows humanoid motion to be
posed and keyframed efficiently [8, 9]. Behavioral logic is implemented as a small set of C# scripts that
define character states and transitions together with event-driven responses to user input and collisions.
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The interaction layer is built on the XR Interaction Toolkit, which abstracts controller input, object
manipulation, and animation triggering, backed by physical collision detection.

2. Materials and methods

This section describes the toolchain, the formal model of the virtual scene, and the animation and
interaction logic on which the prototype rests [10].

Toolchain and development environment. The pipeline integrates two platforms: Blender 4.3.2 for
3D modeling and animation, and Unity for real-time interaction and deployment. Blender was used to
create low-polygon humanoid characters with skeletal rigging, inverse kinematics (IK), and keyframed
animation sequences [11]. Character meshes were exported in FBX format with bone hierarchies and
keyframe data preserved [12]. Unity was chosen for its support of VR development and its integration
with the XR Interaction Toolkit [13], which provides APIs for controller-based interaction, object
grabbing, trigger events, and locomotion.

All scripting was done in C#, using Visual Studio Code with the Unity development plugins. Testing
and debugging relied on the XR Device Simulator, which allowed interaction to be exercised on a
desktop machine without continuous use of a headset.

Formal model of the virtual scene. The virtual environment is modeled as a dynamic system S,
consisting of several interacting components:

S=1{P,E 0,7} (1)

where: Pis the player agent, modeled as a VR rig with head and hand tracking;
E = {ey, ey, ..., €,} is the set of enemy agents (non-player characters, NPCs);

O = {0y, 09, ..., 0p,} is the set of interactable objects (e.g., weapons);

Z ={z1,2, ..., 2} is the set of spatial trigger zones, defined by colliders.

Each object in the scene has an associated state space Q;, and interactions are defined as state
transitions triggered by discrete events.

Animation framework and rigging model. The enemy character was modeled as a simplified
low-polygon mesh with humanoid proportions. A full-body skeleton was generated with Blender’s
Rigify add-on: a human meta-rig was fitted to the mesh and then used to generate a control rig whose
limb chains carry inverse-kinematics constraints. Bone weights were assigned with Blender’s automatic
skinning algorithm and refined by hand at the critical joints (shoulders, elbows, knees).

IK enters the pipeline only at authoring time. The IK chains belong to the control rig in Blender,
where they let the animator pose a limb by moving a foot or hand instead of rotating each joint in turn;
the clips exported to Unity are baked keyframe data, and no IK is solved at runtime.

The following animation clips were produced:

« Idle (neutral pose);
« Alert (reaction to player presence);
+ Dead (triggered by projectile collision).

The clips were authored at the scene frame rate of 24 fps and kept short: the alert clip, for instance,
spans 35 frames, or roughly 1.5 s. Transitions between them are driven by Unity’s Mecanim Animator
Controller [14] under a finite-state machine:

M =(0,%,8,q0, F) (2

where: Q = {Idle, Alert, Dead} is the set of states;

> = {TriggerEnter, Collision} is the event set;

d : Qx2X — Qis the transition function;

qo = Idle is the initial state and F = {Dead} the final state.
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TriggerEnter carries the agent from Idle to Alert when the player enters its activation zone; Collision
carries it from either state to Dead. Both events map onto Animator triggers (Activate and Death) set
from C#, so the transitions are deterministic.

Interaction logic and control system. Interaction with the VR scene is handled by Unity’s XR
Interaction Toolkit, which separates the roles of Interactors (the controllers) and Interactables (weapons,
enemies). Interaction events are dispatched through Unity’s event system [15], and scripts respond to
them in collision and trigger callbacks such as OnTriggerEnter and OnCollisionEnter.

Projectile interaction follows a physics-driven model [16]. When the user presses the shoot button, a
rigid-body projectile is instantiated with a directional velocity:

Voullet = d- Yo, (3)
d= f0IAVVard(Ccontroller)s (4)

where: v, is the initial velocity vector of the projectile, v is the predefined scalar speed, and Copsrolier
is the controller transform from which the forward direction d is obtained.
A hit is registered when the projectile’s collider intersects that of an agent and the agent carries the
expected tag:
Couttet N Cenemy # @ and tag(enemy) = Enemy. (5)

When both conditions hold, the agent transitions to the Dead state and the corresponding death
animation is triggered.

System architecture. The system follows a component-based architecture in which each GameObject
carries one or more behavior scripts [17]:

« Fire.cs - instantiates projectiles;
« TargetDummy.cs — handles state transitions and animation triggers for agents;
« EnemyCharacterTrigger.cs — manages activation zones;

« HandsAnimation.cs - drives hand-gesture animation from controller input.

Control flow combines Unity’s update loop with event-driven callbacks. Each script operates inde-
pendently and subscribes to shared events only where it needs to, so components can be replaced or
reused without touching the others.

3. Results

The implemented system is a compact virtual reality application, “Low Poly Strike”, built as a func-
tional prototype of the animation—-interaction pipeline described above. It is intended as a working
demonstration and as a testbed for later studies of VR character behavior, human-agent interaction,
and immersive game mechanics, rather than as a finished game.

Prototype and virtual environment. The environment uses a low-polygon aesthetic, which keeps
geometric complexity low while retaining the spatial cues [18] that the interaction tasks require, and
which lowers the rendering cost on mid-range VR hardware.

The scene contains four elements:

1. the player spawn area;

2. a'weapon station holding interactable objects;

3. atrigger zone;

4. an animated humanoid agent acting as a reactive target.

The player is embodied through a rigged XR rig tracked by the headset and controllers. Unity’s XR
Input Subsystem [19] supplies head and hand poses, so virtual objects can be manipulated through
positional tracking and trigger presses. Entering the designated zone activates the enemy agent and
moves its animation state from Idle to Alert — the visible result of coupling event-driven logic to the
animation state machine.
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Figure 1: Mirror modifier configured on the upper clothes object: mirroring across the X axis, with clipping
enabled and a 1 mm merge threshold.

Character modeling. The agent is a custom humanoid modeled in Blender with symmetrical
low-poly editing and constructive polygonal operations. Symmetry was maintained with the Mirror
modifier [20], which duplicates geometry across a chosen axis and so halves the modeling work while
guaranteeing that both sides match. The modifier was applied to the upper clothes object forming the
character’s torso, mirroring across the X axis, with Clipping enabled to keep vertices from crossing the
symmetry plane and a merge threshold of 1 mm to fuse the mesh cleanly at the centerline (figure 1).
The same configuration was reused for the limbs and the head covering.

Before rigging, face normals were recalculated across the body mesh so that their orientation is
consistent (figure 2). Inverted faces are easy to introduce during mirrored and extruded editing, and
they produce shading artifacts and unpredictable deformation once the mesh is skinned.

Rigging and animation. A human meta-rig was added to the scene and scaled to the character’s
proportions, after which each bone was aligned in Edit Mode with the body part it drives (figure 3).
Accurate placement at this stage is what makes the deformation anatomically plausible later, since the
bone positions determine how the surrounding geometry follows the skeleton.

The mesh was then bound to the armature with the Armature Deform with Automatic Weights
operation [21], which creates vertex groups assigning each vertex to one or more bones according to
spatial proximity and mesh topology; these weights define how the surface deforms when the bones are
transformed. Generating the control rig from the meta-rig produced the animator-facing layer shown
in figure 4: custom bone shapes, bone collections separating face and body controls, and IK chains on
the arms and legs that allow a limb to be posed from its end effector, so that bending a knee or an elbow
requires moving only the foot or the hand [22]. Rotation limits and transform locks on the joints keep
poses within an anatomically plausible range.

Three animation states — idle, alert, and death — were then keyframed in Blender’s animation editor
and exported as FBX files with the skeleton data embedded. Figure 5 shows the alert clip, held in the
project under the name Attack_preparation, being edited against the rig. In Unity, an Animator
Controller maps gameplay events onto these clips: an OnCollisionEnter event sets the Death trigger,
which plays the death animation and disables further interaction with the object.

Interaction and runtime behavior. Weapons are placed near the spawn zone as interactable prefabs
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Figure 2: Recalculating face normals on the character mesh prior to rigging.

Figure 3: Scaling and positioning skeleton bones according to character body parts.

configured through the XR Interaction Toolkit. Each carries a grab interactor, a physics collider, and
a C# behavior that binds the controller’s trigger input to projectile instantiation. The projectile is
spawned aligned with the orientation of the user’s dominant-hand controller and released as a rigid
body, so its trajectory follows from Unity’s physics rather than from a scripted path.

Figure 6 gives the block diagram of the weapon interaction algorithm: the player picks up a weapon,
pulls the trigger, FireBullet spawns a projectile, and a collision with the target agent plays the death
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Figure 4: Generated control rig in Pose Mode, with IK-enabled limb chains and separate bone collections for
face and body controls.

Figure 5: Authoring the alert animation clip (Attack_preparation) against the character rig in Blender’s
animation workspace.

animation and closes the interaction. Encoding the sequence this way keeps the runtime behavior
deterministic and makes it straightforward to trace during debugging.

The runtime elements — the agent, the projectile emitter, the trigger zones, and the interaction
logic — are all prefabs with serialized parameters [23], so a scenario can be reconfigured from the Unity
inspector without editing source code. OnTriggerEnter and OnCollisionEnter detect the spatial
events that drive state changes; together with the update loop they form the event-driven core of the
prototype. The full gameplay loop — entering the scene, acquiring the weapon, aiming, firing, and the
agent’s response — runs end to end.
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Figure 6: Block diagram of the algorithm for player interaction with weapons.

Figure 7: View of a UML class diagram that displays relationships between the main components.

Software architecture. Figure 7 shows the UML class diagram [24] of the four classes that carry the
runtime behavior: HandsAnimation, Fire, TargetDummy, and EnemyCharacterTrigger.

HandsAnimation visualizes the user’s hand gestures inside the virtual environment. It reads analog
trigger and grip values from the XR controller through InputActionReference objects and forwards
them to the hand animator, which blends between gesture poses in real time:

float gripvalue = gripReference.action.ReadvValue<float>();
handAnimator.SetFloat ("Grip", gripvalue);

The class does not implement shooting itself, but the gesture state it maintains is the visual counterpart
of the input that Fire acts on.

Fire encapsulates the shooting mechanic. Its method FireBullet () instantiates a projectile prefab
at a designated spawnPoint, gives it an initial velocity along the spawn point’s forward axis, and
schedules its destruction after five seconds. The prefab carries both a Rigidbody and a Collider, so it
participates in the physics of the scene:
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public void FireBullet()

{
GameObject spawnedBullet = Instantiate(
bullet, spawnPoint.position, spawnPoint.rotation);
spawnedBullet.GetComponent<Rigidbody>().velocity = spawnPoint.forward * bulletSpeed;
Destroy(spawnedBullet, 5f);
}

A single Fire component may strike any number of targets over a session, so it stands in a one-to-
many relation to TargetDummy.

TargetDummy models the behavior of reactive targets. Its OnCollisionEnter () method listens for
collisions with objects tagged Weapon or Bullet; on a hit it raises the Death trigger and disables the
collider, so the agent cannot be hit again:

private void OnCollisionEnter(Collision other)

{
if (other.gameObject.CompareTag("Weapon") || other.gameObject.CompareTag("Bullet"))
{
dummyAnimator.SetTrigger("Death");
GetComponent<BoxCollider>().enabled = false;
}
}

The method ActivateDummy () raises the Activate trigger that starts the alert animation:

public void ActivateDummy()
{

dummyAnimator.SetTrigger("Activate");

}

It is called from EnemyCharacterTrigger, which owns the activation zone. When the player enters
that zone, the class iterates over its targetEnemy array and activates every agent it holds — again a
one-to-many relation, one trigger to many agents:

private void OnTriggerEnter(Collider other)

{
if (other.gameObject.CompareTag("Player"))
{
foreach(GameObject enemies in targetEnemy)
{
enemies.GetComponent<TargetDummy> () .ActivateDummy() ;
}
}
}

Because each class depends only on the interface it actually uses, agents and activation zones can be
added to a scene by duplicating prefabs rather than by extending the code.

4. Discussion and conclusion

This study presents a working prototype of a VR shooter scenario that brings low-polygon modeling,
skeletal animation, and interactive event handling into a single development pipeline. Blender-based
character creation and Unity XR integration together produce an environment in which the user engages
a dynamic agent through gesture-based input and spatial triggers, with animation responding to user-
driven events in real time. The finite-state machine over baked clips gives deterministic transitions,
and the UML model of the four runtime classes keeps the codebase small enough to extend without
re-reading it in full.

The result meets the objective the work set out with: a reproducible and technically coherent route
to interactive character content in VR, assembled entirely from open-source and freely available tools.
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The pipeline is documented at the level of detail — modifier settings, rig generation, clip inventory,
Animator triggers, class responsibilities — that a reader would need in order to rebuild it, which is what
makes it usable as teaching material as much as a research substrate.

The scope of the prototype is nonetheless narrow, and several limitations should be stated plainly. No
quantitative evaluation was carried out: the paper reports no frame-rate, latency, or tracking-accuracy
measurements and no usability study, so statements about responsiveness rest on qualitative observation
during development. The scenario comprises a single scene with one reactive agent, which exercises
the architecture but does not stress it. Most interaction testing was performed with the XR Device
Simulator on a desktop machine rather than on headset hardware, leaving headset-specific concerns -
comfort, tracking loss, rendering cost — unexamined.

These limitations set the agenda for further work. Agent behavior could be enriched beyond the
three-state machine used here, with behavior trees or hierarchical state machines supporting more
varied non-player character responses [25]. Runtime IK solvers would let posture adapt to live player
input rather than replaying baked clips, which is the natural next step given that IK is at present confined
to authoring. The scene could be extended to several agents with coordinated, Al-driven behavior [26].
Finally, an empirical study is needed to quantify presence, motion precision, and interaction efficiency
across different VR configurations, and to put numbers where this paper offers a demonstration.
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