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Research on virtual embodied interaction technology for VR physics experiments
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Abstract: Objective The continuous iteration of Virtual Reality (VR) technology has driven the digital transformation of
education, and its application in physics experiment teaching has gradually become a research hotspot. However, existing
consumer-grade VR devices are limited by their tracking nodes: they fail to realize natural and smooth full-body motion
reconstruction, which further leads to insufficient user immersion, discontinuous interaction experiences, and even visual
discomfort (e. g. , motion sickness caused by conflicts between visual and vestibular perceptions). These issues severely
restrict the application of VR systems in high-demand immersive physics experiment scenarios that require precise interac-
tions and strong sense of presence. Therefore, this study aims to: (1) address the technical bottlenecks of poor full-body
motion reconstruction and low interaction fidelity in current VR-based physics experiments; (2) optimize the biomechani-

cal rationality, motion naturalness, and interaction accuracy of virtual embodiments, while achieving dynamic proportion
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calibration for users with different body types and consistency adjustment for cross-platform models; (3) explore the mecha-
nism by which virtual embodied interaction influences user experience, realizing the synergistic optimization of immersive
experience enhancement and physiological comfort (i. e. , reducing motion sickness) ; (4) provide theoretical basis and
practical guidance for the future implementation of multi-user collaborative virtual embodied interaction in the field of
immersive physics education. Method To achieve the above objectives, this study proposes a virtual embodied motion solv-
ing framework that integrates three core technologies: bone retargeting, inverse kinematics (IK), and data-driven motion
matching. First, a hierarchical 3D human skeletal structure model was constructed, which divides the human body into two
biomechanically distinct subsystems—spinal composite chains (pelvis-vertebrae-neck-head) and limb chains (upper
limbs: shoulder-upper arm-lower arm-hand; lower limbs: pelvis-thigh-shank-foot)—and adopts vertex skinning technology
with blend shapes to avoid unnatural joint deformation caused by traditional Linear Blend Skinning (LBS). For bone retar-
geting, a dual-calibration mechanism was designed: global proportion calibration uses position data from head-mounted dis-
plays (HMD) and hand controllers to calculate vertical and horizontal scaling factors, adjusting the root joint position to
match the user’ s overall proportion while maintaining foot-ground contact; local skeletal chain calibration adjusts the
length of individual segments in five key chains (spinal chain, two arm chains, two leg chains) while preserving internal
length ratios to adapt to local body differences. For IK solving, a segmented strategy was adopted: an improved Gauss-
Seidel algorithm (with joint angle constraints and multi-threaded acceleration) was used for the head-spinal composite
chain to ensure stable convergence; a geometric analytical method with physiological limits (e. g. , elbow flexion 0°~150° )
was applied to limb chains to avoid non-physical phenomena like limb penetration; a hybrid hand control scheme (integrat-
ing repositioning and motion correction) bhased on the OpenXR skeleton system was implemented to ensure fine interaction
accuracy. For data-driven motion matching, an animation database was built using an Xsens motion capture system (cover-
ing diverse gaits, speeds, and turning motions with key features like joint position and foot contact state) , and real-time
frame matching (via hierarchical indexing) and motion smoothing (via inertial interpolation) were realized to compensate
for insufficient lower-limb tracking data. For evaluation, 64 healthy college students from Beijing Normal University (31
males, 33 females, aged 18—40, no prior virtual embodiment experience ) were stratified into an experimental group (using
the improved virtual embodied interaction model) and a control group (using Meta Movement-based virtual embodiment)
based on scores from the Visually Induced Motion Sickness Susceptibility Questionnaire (VIMSSQ). The experiment was
conducted on a hardware platform including an Intel i7-12700F processor, NVIDIA RTX 3070 graphics card, and Meta
Quest 3 HMD, with scenes developed in Unity 2021. 3. 32fIc¢1 (frame rate > 90 FPS to meet real-time requirements). Par-
ticipants completed three basic tasks (sitting on a chair, picking up a cup, button interaction with left/right hands) and a
momentum conservation physics experiment. Objective data (task completion time, completion rate) and subjective data
(via the Embodiment Questionnaire (EQ), Igroup Presence Questionnaire (IPQ), and Simulator Sickness Questionnaire
(SSQ)) were collected, and analyzed using Matlab R2022b, Origin 2024b, and SPSS 27 (including independent samples
t-test, Mann-Whitney U test, Pearson correlation, and multiple linear regression). Result Comprehensive experimental
results verified the effectiveness of the proposed framework. 'In terms of quantitative task performance: Task 1 (sitting) saw
both groups achieve 100% completion rate, with similar average times (experimental group: 32.25 s; control group:
32.85 s); Task 2 (cup picking) showed the experimental group had a shorter average time (30.78 s vs. 32.00 s of the
control group) and a stable completion rate (90% vs. 95%) ; Task 3 (button interaction) revealed the experimental group’
s advantage, especially in non-dominant left-hand operations (average time: 36. 45 s vs. 38.36 s; completion rate: 70%
vs. 55%). For subjective experience: EQ results showed the experimental group had significantly higher scores in agency
(p=0. 003, Cohen’s d=1.028) and self-location (p=0.037, Cohen’s d=1.272) but no significant difference in owner-
ship; IPQ results indicated the experimental group scored significantly higher in general presence (p=0.032), involvement
(p=0.012), and overall immersion (p=0. 045). Multiple linear regression (R?>=0. 543, p<0. 001) showed: the experimen-
tal group had lower SSQ scores (B=-0.495, p<0.001) ; IPQ scores negatively predicted motion sickness (B=-0.493, p=
0.017) ; interaction terms (VIMSSQXGroup, B=-0.365, p=0.024; [PQXGroup, B=-0.326, p=0. 026) confirmed the
framework weakened the impact of motion sickness susceptibility and strengthened immersion ’s mitigating effect on discom-

fort. Conclusion The proposed virtual embodied motion solving framework effectively addresses the technical limitations of
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current VR-based immersive physics experiments. By integrating bone retargeting, inverse kinematics, and data-driven

methods, it significantly enhances the biomechanical rationality (avoiding non-physical phenomena like limb penetration) ,

motion naturalness (via hierarchical skeletal modeling and inertial interpolation) , and interaction accuracy (through hand

optimization and local chain calibration) of virtual embodiments. The framework not only improves users’ embodiment

sense (especially agency and self-location) , immersion, and spatial motion perception but also reduces visual discomfort

via a dual-path mechanism (direct experience enhancement through improved presence ; compensatory mitigation of motion

sickness via strengthened immersion). Future research will focus on three directions: exploring higher-precision and per-

sonalized virtual embodiment generation (e. g. , physics experiment-specific motion libraries driven by large models ) , inte-

grating physical laws and environmental factors to enhance interaction authenticity, and optimizing real-time performance

for multi-user collaborative scenarios. This technology holds broad application prospects in advancing immersive physics

education and promoting the popularization of high-quality VR-based experimental teaching.

Key words: virtual reality; virtual embodied generation; inverse kinematics; virtual physies experiment; user Experience
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Fig. 1 Virtual Embodied Motion Solving Framework
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Fig. 2 Hierarchical human skeletal structure model
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Fig. 4 Immersive physics experiment scenarios ((a) Real sce-

nario; (b) Virtual scenario)
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Fig. 5 Experimental panel for the conservation of momentum
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Fig. 6 Empirical flow chart

1) 2 B} (sense of embodiment, SoE)

SF B4 F Piryankova 25 A1) EQ i) 3% , il 5 AL
PR A AL B BB A FYERE PEAS FH P T
0L A B SN — S0k 5 4 il 58 77, (Piryankova 55
2014) 404 1 s .

*1 HHEFEEE(EQ)
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Fig. 7 - Multiple linear regression model
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Table 2 Analysis of task completion status
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Table 3 Independent samples T—test of Embodiment
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Fig. 8 Average level of each dimension of immersion
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Table 4 Correlation coefficient table of the experimental group and the control group

Eia90) 251 BEIR AR K ZE () M (p) MEEL(N)
Xf 2 0.843 <.001 32
3XVIMSSQ 43 A1 SSQ k43 SLIA 0.750 <.001 32
JEREN 0.813 <.001 64
Xof 2l 0.697 <.001 32
3XIPQ B4 FISSQ B4 S 0.797 <.001 32
JRRN 0.754 <.001 64
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Table 5 Regression coefficients of significant predictors
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