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Abstract

Digital attention fatigue is a pervasive challenge, yet restorative
virtual reality still lacks clear guidance on how interaction design
and in-process adaptation can support attention regulation goals.
Grounded in Attention Restoration Theory and an attentional-
ecology perspective, we present a system that enhances virtual re-
ality mandala drawing and natural immersion with Al-driven bioad-
aptive multimodal interaction. The experience integrates structured
mandala drawing within a static 360° nature scene; using real-time
heart rate variability, the adaptive loop modulates visual haze, ambi-
ent audio, and synchronized haptics through lightweight machine-
learning-based state estimation and online gain personalization. In
a within-subject pilot study, we compared a no-multimodal-feedback
condition with an Al-driven bioadaptive multimodal interaction con-
dition that added bioadaptive multimodal feedback to the same VR
nature-and-mandala experience. Outcomes were evaluated using
self-report measures of presence and perceived restorativeness, be-
havioral measures, autonomic measures, and electroencephalogra-
phy measures. While both conditions were experienced as generally
restorative, adding bioadaptive multimodal interaction dampened
arousal-related Cz f activity relative to the no-multimodal-feedback
condition and showed consistent trends toward higher presence. Ex-
ploratory analyses further suggested a condition-specific coupling
in which PRS Fascination covaried with reaction-time improvement
only when bioadaptive multimodal interaction was enabled. To-
gether, the results provide initial evidence that psychology-theory-
guided experience design paired with a personalized bioadaptive
interaction mechanism can shape regulatory outcomes, and that
multidimensional evaluation can disentangle perceived restoration
from measurable behavioral and neurophysiological regulation.
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1 Introduction

Continuous connectivity, fragmented workflows, and dense dig-
ital information loads make attention a scarce and fragile re-
source [1, 10]. Directed attention is limited and fatigue-prone; when
repeatedly taxed, people require opportunities for restoration to
maintain performance and well-being.

Attention Restoration Theory (ART) suggests that contact with
natural environments can help restore directed attention [12, 13]. As
everyday access to nature declines [24], virtual reality (VR) has been
explored as a substitute, with nature-based VR shown to support
attentional recovery [8, 17]. However, many restorative VR systems
still emphasize passive viewing, leaving limited guidance on how
interaction design should support attention regulation goals.

Attentional-ecology perspectives emphasize that restoration de-
pends not only on exposure to nature, but on how tasks, environ-
ments, and internal states are coordinated over time [2, 25]. This
motivates moving beyond passive exposure toward guided interac-
tion. Structured activities such as mandala drawing have been used
as active centering and linked to improved attention and reduced
impulsivity [7, 25, 32]. Yet visuals alone may be insufficient for
attention-related benefits [5], multisensory synchronization can
strengthen immersion and performance [6, 22], but adding touch
and smell did not significantly improve emotions or presence for
VR relaxation induction [29]. These findings reveal a gap between
theory and practice: designs must reconcile theoretical grounding
with implementable interaction to ensure restorative benefits rather
than added cognitive load.

Another related gap concerns personalization and in-process
adaptation. Recent Al methods increasingly use electroencephalog-
raphy (EEG) to recognize attention-related states and adapt VR
content for attention and workload regulation [9, 18, 19, 36]. How-
ever, deploying EEG for robust real-time closed-loop VR remains
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difficult due to motion artifacts and limited online artifact sup-
pression [14]. Heart-rate variability (HRV) and related autonomic
signals can support real-time regulation of stress and attentional
state [3, 23, 31]. Compared to EEG, HRV is typically easier to deploy
for closed-loop control; however, practical guidance for personaliz-
ing physiology-to-feedback mappings remains limited, which can
hinder individual-consistent restoration effects.

Finally, restorative VR outcomes should be evaluated with suf-
ficient evidence. The Igroup Presence Questionnaire (IPQ) [27]
characterizes experience, and the Perceived Restorativeness Scale
(PRS) [11] captures perceived restorativeness. Some studies also
consider objective proxies associated with relaxation and attention,
such as EEG during VR nature exposure [4, 21], HRV as an auto-
nomic marker linked to calm and attentional control [13, 28], and
behavioral assessment via the visual oddball task [16]. However,
evaluation in restorative VR often varies in measurement coverage
and relies on a limited subset of measures, leaving conclusions
supported by partial evidence.

Motivated by these gaps, this work explores how guided interac-
tion in restorative VR can be linked to measurable restoration, and
how deployable physiology can support individualized regulation
during the experience. Our contributions are threefold:

o Psychology-theory-guided experience design: Grounded in
ART and attentional ecology, we design and implement a
restorative VR application that combines virtual nature ex-
posure with a low-demand, structured mandala activity, as a
theory-driven form of guided design for attention restora-
tion.

o Personalized bioadaptive interaction mechanism: An Al-
driven, HRV-centered adaptive loop was implemented to
map individual physiological dynamics to multimodal inter-
active feedback, enabling personalized regulation during the
experience.

o Multidimensional evaluation: An exploratory evaluation was
reported across self-report, behavioral, autonomic, and elec-
troencephalography outcomes, providing initial evidence
and practical insights.

2 System and Implementation

2.1 System overview and instrumentation

Figure 1 shows the closed-loop architecture of our VR system. Users
engage with the Experience Intervention Layer via a Meta Quest 2,
which presents a static 360° nature scene (VR Nature Environment)
and a mandala-coloring task (VR Drawing Module). During the
session, ECG-derived R-R intervals from a Polar H10 are streamed
to the PC-based Bioadaptive Control Layer, where HRV features are
extracted to estimate arousal and generate policy-mapping control
signals. The Multimodal Rendering Layer then applies these signals
to modulate visual haze (fog), audio (music), and controller haptics,
feeding back into the VR experience to complete the loop. For
outcome assessment, we additionally record HRV (Polar H10) and
EEG (Polymate Mini AP108) in pre/post evaluation blocks (Fig. 2).

2.2 VR Nature Scene and Mandala Drawing

The VR experience couples a static natural surround with low-
demand, structured interaction (Fig. 3). The restorative context is a
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Figure 1: Overview of the system architecture.Users engage
with a 360° nature scene and a mandala-coloring task in the
Experience Intervention Layer (Meta Quest 2). ECG-derived
R-R intervals from Polar H10 are processed on the PC to
extract HRV features and estimate arousal, producing policy-
mapping control signals. The Multimodal Rendering Layer
applies these signals to visual haze (fog), audio (music), and
controller haptics, completing the loop.

(b) Polymate Mini AP108

(a) Polar H10 ECG chest strap for amplifier for EEG.

HRV.

Figure 2: Instrumentation used in the study. (a) Polar H10
ECG chest strap providing R-R intervals for online closed-
loop control and for pre/post HRV assessment . (b) Polymate
Mini AP108 used for EEG acquisition in the pre/post blocks
only.

360° panoramic seascape depicting a calm shoreline at sunset. The
scene remains static to maintain low visual complexity and support
ART-consistent qualities such as soft fascination, spatial extent,
and a sense of being away [12]; it also aligns with commonly used
notions of perceived restorativeness in restorative-environment
research [11].

Within this natural backdrop, participants complete a mandala-
coloring task using a symmetric template composed of stylized
natural motifs (e.g., sun, birds, trees, mountains, and rivers). A
floating palette supports color selection and erasing, and interaction
is intentionally slow-paced to encourage mindful engagement and
sustained attention without performance pressure.
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(a) Static 360° seascape used as the restorative background.
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7 (b) VR mandala drawing interface.

Figure 3: VR nature scene and mandala drawing. VR mandala
drawing task embedded in a static 360° natural seascape. The
scene provides a low-arousal surround, while the mandala
interface supports low-demand structured engagement.

2.3 Al-driven bioadaptive multimodal
interaction

We implement an HRV-centered closed-loop module that maps
autonomic dynamics to multimodal VR feedback while enabling
lightweight personalization of feedback sensitivity. Beat-to-beat
R-R intervals from a Polar H10 are streamed to a Python controller
via Bluetooth Low Energy (BLE) and published through the Lab
Streaming Layer (LSL). The controller buffers overlapping windows
(W =455, hop A = 1s) using cumulative physiological time and
discards windows with fewer than 20 beats to avoid unstable ultra-
short HRV estimates [20, 30]. For each valid window, timestamps
are reconstructed, the tachogram is resampled (4 Hz) and detrended,
and standard HRV indices are computed across time, frequency, and
nonlinear domains using conventional bands [30, 33]. To reduce
inter-individual offsets, features are normalized to an initial 1 min
resting baseline by augmenting each feature with both (x — y) and
(x — p)/o (robust o when needed).

Physiological state is estimated using an XGBoost classifier
trained on WESAD [26] (stress vs. baseline+amusement; leave-
one-subject-out AUROC = 0.92, F; = 0.78), yielding a continuous
proxy p; € [0,1]. To prevent control chattering, we stabilize p;
with an exponential moving average (EMA; a = 0.40) and a dual-
threshold hysteresis gate (7, ~ 0.60 - THR, 73,; ~ 0.85- THR; THR is
the F1-optimal operating threshold), producing pi™? and a binary
state gy (Eq. 1).
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Algorithm 1 Runtime loop for HRV-driven bioadaptive feedback
with online gain selection

1: Input: Window length W, hop A; baseline normalizer; classifier
g(-) —ps.

2: Input: Gain presets C; e-greedy bandit with hold time Tj,y14-

3. for each control tick (every A) do

4: Sense: Extract HRV features x; from the latest window and
baseline-normalize.

5: Estimate: p; < g(x;); compute (p;™?, ;) using Eq. 1.

6: Adapt: Update bandit reward/utility from p§™? using Eq. 3;
switch preset only if Tj,o1q elapsed.

7: Actuate: Map (p7™?, ;) to fog/music with the active preset
Ct (Eq. 2); send to Unity.

s: end for

The stabilized state drives a preset-based policy mapping from
(p$™2,4;) to multimodal feedback. Each gain preset C; € C speci-
fies channel gains and offsets for visual and audio feedback in Eq. 2.
Specifically, the active preset modulates visual haze (fog-like clarity
reduction via Universal Render Pipeline (URP) post-processing)
and audio dynamics (mild tremolo and compression). To keep hap-
tics synchronized with the delivered soundscape without adding
a separate control stream, controller vibration is derived on the
Unity client from the rendered audio via a windowed short-time
Fourier transform (STFT; implemented with a fast Fourier trans-
form, FFT) and scaled by the preset coupling gain. Control signals
are smoothed and sent to Unity at 1 Hz.

To personalize feedback sensitivity, we address the gain-selection
problem with an e-greedy bandit over a small set of gain presets.
The agent maintains a per-preset utility estimate updated from
short-horizon changes in p{™® (Eq. 3) and selects the next preset
under a minimum hold time Tj 44 (Alg. 1). End-to-end latency from
R-R arrival at the LSL inlet to Unity parameter update was below
100 ms (mean 72 + 14 ms).

1, PR 2 T,
P = aps + (1 - a)pi™, g =40, P <1, (1)
Jt—1, otherwise.

fr =clip (k](pC') P+ b}ct)) ,

@)
my = clip(k,(nct) Py + bfnct)),
rt = clip (pprev — Prow, —0.5, 0.5) . (3)

3 Study Design
3.1 Research Hypotheses

(1) H1(within-condition restoration). In both conditions, the
VR experience was expected to show pre-post changes con-
sistent with restoration: improved autonomic and electroen-
cephalography markers, maintained or improved behavioral
performance, and above-neutral self-report measures of pres-
ence and perceived restorativeness.
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(2) H2 (bioadaptive interaction advantage). Compared to
the no-multimodal-feedback condition, the Al-driven bioad-
aptive multimodal interaction condition was expected to
yield higher self-report measures of presence and perceived
restorativeness, and larger pre—post improvements in behav-
ioral, autonomic, and electroencephalography measures.

3.2 Participants and Conditions

Eleven university students participated (N = 11, 6 male/5 female;
age M = 25.9, SD = 2.3, range 23-31). The study was approved by
the Research Ethics Committee of the University of Aizu (Approval
No. 2025-Aizu-Kigyo-307), and all participants provided written
informed consent.

We employed a within-subject, counterbalanced crossover design
with two sessions on separate days (Al-first n = 6, NF-first n = 5).
The two conditions were:

e NF (No multimodal feedback): VR mandala drawing
within a static 360° seascape; no fog, music modulation,
or controller haptics.

e AI (AI-Driven bioadaptive multimodal interaction): the
same VR experience augmented with Al-driven bioadaptive
feedback (visual fog, music modulation, and controller vibra-
tion).

3.3 Procedure

Before the experimental sessions, participants completed consent,
a brief VR tutorial, and a demographic questionnaire. Participants
then completed two experimental sessions (one per condition) on
separate days.

Each session followed the same structure:

(1) Oddball-pre (6 min). Visual Oddball task with concurrent
EEG and HRYV, establishing baseline attentional and auto-
nomic responses under cognitive demand.

(2) VR intervention (10 min). VR mandala drawing under Al
or NF.

(3) Oddball-post (6 min). Repetition of the Oddball task with
EEG and HRV.

(4) Questionnaires (2-3 min). Igroup Presence Questionnaire
(IPQ, short form) [27] and an 8-item Perceived Restorative-
ness Scale (PRS) [11].

After both sessions, a short semi-structured interview collected
qualitative impressions.

3.4 Measures

Self-report measures. IPQ short form (7-point Likert; scored 0-6)
assessed Spatial Presence, Involvement, and General Presence [27],
and score interpretation followed Tran et al. [34]. An 8-item PRS
adapted from Hartig et al. [11] measured Being Away, Fascination,
and Compatibility (0-6).

Behavioral measures. Behavioral performance was measured
with a standard visual Oddball task [16]. Blue circles served as
frequent standards and red circles as rare targets at fixation; partic-
ipants responded only to targets. Each 6 min block comprised 160
trials (20% targets; 200 ms stimulus, 800 ms inter-stimulus interval).
For each session and block (pre, post), we computed the median
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reaction time (RT) for correct targets and target-detection accuracy
(hit rate). Change scores were defined as ART = Pre —Post (positive
= faster) and AAccuracy = Post — Pre.

Autonomic measures. R-R intervals were recorded continuously
with a Polar H10 chest strap and analyzed in the Elite HRV applica-
tion. We focused on three indices: InRMSSD (vagal recovery), LEF/HF
ratio (sympathovagal balance) [33], and mean heart rate (bpm) as
an index of overall cardiac activation [30].

EEG measures. EEG was recorded from Fz, Cz, Pz, Oz, and VEOG
using the Polymate Mini AP108 system (500 Hz sampling) [35].
Signals were re-referenced to the average of scalp electrodes, band-
pass filtered, and cleaned for motion and ocular artifacts. Relative
band power in 0 (Fz), @ (Pz), and f (Cz) was estimated using Welch’s
method and interpreted as indices of cognitive control, attentional
disengagement, and vigilance [15].

4 Results

All 11 participants completed both sessions and contributed usable
data. HRV artifacts were rare (M = 0.29%), EEG segment retention
was high (M = 88.0%), and condition order (AI-NF vs. NF-AI) did
not significantly affect any change scores (all p > .12), so analyses
use the full sample.

4.1 Self-report Questionnaires

Immersion (IPQ-6). Wilcoxon signed-rank tests (Table 1) sug-
gested consistent trends favoring the Al condition, with the clear-
est gain in Spatial Presence (Z = —1.84,p = .066,r = .61) and a
similar pattern for Overall IPQ (Z = —1.69, p = .091,r = .51); Gen-
eral Presence and Involvement were not statistically significant but
showed medium-to-large effects (r = .28-.52). In terms of absolute
levels, the 3D-HMD percentile-based ranking classes (Table 2) indi-
cate a qualitative uplift: Al reached Moderate presence for Overall
IPQ, Spatial Presence, and Involvement, whereas NF remained Low
on these dimensions; General Presence increased numerically but
stayed in the Low band.

Perceived restorativeness (PRS-8). PRS-8 ratings were generally
at or above the neutral midpoint (3) in both conditions (Table 3),
indicating that participants experienced the VR scene as restorative
overall. Although none of the PRS comparisons reached statistical
significance in this pilot sample, scores were consistently higher
in Al than NF for Overall PRS and Fascination, with Fascination
showing a medium effect size (Z = —1.33, p = .180, r = .47).

4.2 Behavioral Performance

Oddball performance remained high in both conditions (accuracy
~ .99), with only small pre-post changes in reaction time. RT slowed
slightly after the VR break in both NF and Al and the between-
condition difference was negligible (AI vs. NF: AAM ~ -2 ms,
p = .835). Thus, enabling Al-driven bioadaptive feedback did not
introduce any measurable cost to task performance.

4.3 Autonomic Physiology

HRV patterns indicated mild autonomic recovery in both condi-
tions. Mean heart rate decreased slightly in NF and AI (both by
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Table 1: IPQ Wilcoxon signed-rank Results (Median [IQR], NF vs. AI).

Measure Median (NF) [Q1, Q3] Median (AI) [Q1, Q3] n' Z p r
Overall IPQ 3.50 [2.08, 4.00] 4.50 [2.58, 4.83] 11 -1.69 0918 51
General Presence (G1) 4.00 [1.50, 5.00] 4.00 [3.00, 5.00] 8 —0.78 435 .28
Spatial Presence (SP) 3.67 [2.00, 4.17] 4.33 [3.33, 5.50] 9 -1.84 0668 .61
Involvement (INV) 3.00 [2.00, 3.00] 4.00 [1.75, 4.75] 8 ~147 141 52

Note. Scores range from 0 to 6. Two-sided Wilcoxon signed-rank tests were performed. The item “I still paid attention to the real environment” was reverse-coded prior to computing
INV and Overall IPQ aggregates. 'n is the number of non-zero paired differences (zero-difference pairs are omitted). ¥ Effect size is computed as r = |Z|/+/n (small > .10, medium

> .30, large > .50). §p < .10.

Table 2: IPQ Level (Mean+SD, NF vs. AI).

Condition  Overall (M+SD) Class GP (M+SD) Class SP (M+SD) Class INV (M£SD) Class
NF 3.00 £ 1.40 Low 3.18 £ 1.89 Low 3.06 £ 1.68 Low 2.82 +£1.37 Low
Al 3.74 £ 1.56 Moderate 3.64 £1.63 Low 397 +1.86 Moderate 3.45+ 1.75 Moderate

Note. Ranking classes follow the percentile schema (Low < P50; Moderate > P50; High > P75; Very High > P90; Exceptional > P95). Thresholds were defined on the original IPQ
scale [-3, 3] and shifted by +3 to match our 0-6 scoring. For the Overall score: P50=3.34, P75=3.80, P90=4.16, P95=4.32; for GP: P50=4.00, P75=4.50, P90=4.91, P95=5.10; for SP:

P50=3.72, P75=4.30, P90=4.74, P95=4.99; for INV: P50=3.26, P75=3.76, P90=4.06, P95=4.28.

Table 3: PRS Wilcoxon signed-rank Results (Median [IQR], NF vs. AI).

Measure Median (NF) [Q1, Q3] Median (AI) [Q1, Q3] n' Z p rt
Overall PRS 3.75 [1.56, 4.69] 4.00 [2.94, 4.44] 10 —-1.02 307 32
Being Away 3.00 [1.00, 5.00] 3.33 [2.00, 4.67] 8 —0.28 779 .10
Fascination 3.50 [1.75, 4.50] 4.00 [3.25, 4.75] 8 -1.33 .180 47
Compatibility 4.00 [2.33, 5.00] 4.00 [3.33, 4.33] 8 —0.49 .622 .17

Note. Scores range from 0 to 6; values above 3 indicate above-neutral perceived restorativeness. Two-sided Wilcoxon signed-rank tests were performed. " n is the number of non-zero
paired differences (zero-difference pairs are omitted). * Effect size is computed as r = | Z|/+/n (small > .10, medium > .30, large > .50).

~ 0.7-0.8 bpm), and InRMSSD (vagal activity) increased only in
NF (from 4.10 to 4.24; AM = 0.14, d, ~ 0.6), but not in AI (4.13 to
4.12). The LF/HF ratio decreased in both conditions (NF: 1.73 to
1.49; Al 1.88 to 1.38), with a numerically larger drop in Al (about
—0.5 vs. —0.2 in NF), yet difference-in-differences effects were small
and non-significant across all three indices (all p > .20, |d;| < 0.45).
Taken together, this pattern suggests complementary regulatory
mechanisms: NF primarily supports vagal upregulation, whereas
enabling bioadaptive feedback tends to promote a stronger rebal-
ancing of sympathovagal activity without changing overall heart
rate.

4.4 EEG Outcomes

Figure 4 summarizes relative power changes in Pz a, Fz 0, and Cz
p. Given the pilot sample size (N = 11), we analyzed between-
condition differences in paired pre—post change scores (A = Post —
Pre) using two-sided Wilcoxon signed-rank tests on paired within-
subject differences, testing whether d; = A; o1 — A; N differs from
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zero. We report the Wilcoxon statistic (W), two-sided p values, and
rank-biserial correlations (r,) as effect sizes.

Alpha / Theta trends (H1). Pz a showed a numerically larger
increase under Al (Mdna = +0.0146) than NF (Mdnp = +0.0024).
However, the between-condition difference in change scores was
not statistically significant (W = 16, p = .147, r,;, = 0.52; Fig. 4B,
middle). Fz 0 change scores did not differ reliably between condi-
tions (W = 32, p = .966, r,, = —0.03; Fig. 4B, left).

Beta arousal regulation (H2). Cz f exhibited a clear divergence
between conditions, yielding a significant between-condition
difference with a large effect size (W =9, p = .032, r,, = —0.73;
Fig. 4B, right). Whereas NF showed a positive post—pre change
(Mdnp = +0.0135), Al showed a negative change (Mdnp = —0.0086).
Together, these results indicate that the Al condition was associated
with a lower post-pre § change than the NF condition in this pilot
sample.
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Figure 4: EEG results. Top (A): Pre/post relative power for Fz 0, Pz «, and Cz f. Markers indicate sample medians; error bars
indicate the interquartile range (IQR; 25th—-75th percentiles). Bottom (B): Paired change scores (A = Post —Pre). Bars indicate the
median A; error bars indicate nonparametric 95% bootstrap confidence intervals for the median (percentile, 10,000 resamples).
Dots show individual participants’ A values. Between-condition differences were assessed using two-sided paired Wilcoxon
signed-rank tests on d; = A; A1 — A; NF (reported as W and p). Cz ff shows a significant divergence (W =9, p = .032): Al shows a

negative A while NF shows a positive A.

Table 4: Qualitative themes and representative quotes.

Theme Representative quote(s)

‘T like drawing in the VR world, it makes me
relax.”

Restorative experience
Usability & fatigue “It was fun to color with just one click.”  “The
first session was too tiring... because of VR hand
position.”

“Surrounding will be a dynamic, not static pic-
ture”  “Maybe add more pictures and more
colors to choose.”

Future expectations

4.5 Qualitative Feedback

To contextualize the questionnaire results, we performed a light-
weight thematic analysis of post-study semi-structured interviews
and open-ended responses. Three recurring themes emerged (Ta-
ble 4).

Overall, participants frequently described the experience as calm-
ing and comfortable, consistent with above-neutral PRS scores. The
“one-press” coloring interaction was commonly described as easy

688

to use, while some participants reported arm/hand fatigue or occa-
sional tracking issues during prolonged gestures. Participants also
expressed interest in more dynamic and customizable content (e.g.,
moving elements and selectable scenes), suggesting opportunities
to improve engagement in future iterations.

4.6 Condition-stratified fascination-recovery
coupling

Condition-stratified (within-condition) associations between per-
ceived restorativeness and behavioral recovery were examined.
Oddball RT improvement was defined as RTpye — RTpogt (positive
values indicate faster post-intervention responses). In the NF con-
dition, PRS Fascination was not reliably related to RT improvement
(Spearman ps = —0.31, p = .362). In contrast, under bioadaptive
interaction (AI), higher Fascination was associated with greater RT
improvement (Spearman ps = 0.76, p = .007; Fig. 5). This condition-
specific coupling suggests that Al-driven bioadaptive multimodal
interaction may strengthen the link between perceived restorative-
ness and measurable attentional recovery.
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Figure 5: Condition-specific fascination-recovery coupling
(N = 11). PRS Fascination vs. Oddball RT improvement within
NF and AL RT improvement: RTp,. — RTpost (positive = faster).
Spearman: NF ps = —0.31 (p = .362), Al ps = 0.76 (p = .007).

5 Discussion

This study examined whether adding Al-driven bioadaptive multi-
modal interaction to a VR nature-and-mandala experience shapes
attention restoration relative to a no-multimodal-feedback base-
line. The pattern across measures suggests two complementary
points: (i) both conditions can support restorative experience (self-
report; Tables 1-3), and (ii) bioadaptive interaction can shift regu-
lation signatures that are less visible in self-report alone (electroen-
cephalography; Fig. 4). An additional implication is that bioadaptive
interaction may strengthen the behavioral relevance of perceived
restorativeness (Fig. 5).

5.1 Experience-level restoration across
conditions

Above-neutral PRS and meaningful presence in both conditions
indicate that the combination of a calm natural surround and a
low-demand structured activity is sufficient to yield restorative ex-
periences for many users (Tables 1-3). However, electroencephalog-
raphy results show that comparable subjective restoration does
not necessarily imply comparable regulation dynamics: the Cz
divergence (Fig. 4) suggests that physiology-driven multisensory
modulation can alter post-intervention arousal regulation even
when self-report differences are modest. This supports the view
that restorative XR should be evaluated not only by how restora-
tive it feels, but also by how regulation markers shift following the
intervention.

5.2 Autonomic and behavioral sensitivity under
a short-dose protocol

The lack of clear between-condition differences in autonomic in-
dices and mean reaction time should be interpreted in the context
of measurement sensitivity under a short-dose protocol. Behavioral
headroom was limited by near-ceiling Oddball accuracy and small
RT changes, which reduces the ability to detect incremental ben-
efits. Autonomic responses also exhibited visible inter-individual
variability, and qualitative feedback points to potential ergonomic
load (arm/hand fatigue, occasional tracking issues; Table 4) that
could partially mask relaxation-related physiology. Together, these
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factors suggest that longer or repeated sessions, extended post-
intervention recovery windows, and improved ergonomics may
be necessary before autonomic and behavioral effects can reliably
emerge.

5.3 Experience-recovery coupling under
bioadaptation

The condition-specific Fascination—-RT association (Fig. 5) provides
a hypothesis-generating mechanistic clue: perceived fascination ap-
pears more behaviorally informative when multisensory feedback
is coupled to autonomic state. One interpretation is that bioadap-
tive modulation helps stabilize engagement at a restorative “sweet
spot,” improving alignment between subjective experience and at-
tentional recovery outcomes. Notably, this coupling does not imply
that stronger subjective restoration always yields larger physiologi-
cal changes; rather, it suggests that bioadaptation can reshape how
experience relates to function, which may be valuable for designing
interventions that aim to translate relaxation into performance-
relevant recovery.

5.4 Limitations and future work

This pilot study is limited by sample size and exploratory analyses.
Future work should validate these patterns with larger samples,
longer or repeated-use protocols, and factorial designs that separate
the effects of multimodal stimulation from closed-loop bioadaptive
control. Incorporating more sensitive behavioral probes and reduc-
ing mid-air interaction load may further clarify when and for whom
bioadaptive multimodal interaction yields measurable benefits.

6 Conclusion

This work introduced a psychology-theory-guided and deployable
bioadaptive VR intervention for digital attention fatigue. Grounded
in Attention Restoration Theory and an attentional-ecology per-
spective, the system couples a low-demand, structured mandala
activity with a static 360° natural scene and uses heart rate variabil-
ity to drive an Al-based, personalized multimodal feedback loop
(visual haze, adaptive audio, and synchronized haptics) with online
gain personalization.

Across a within-subject pilot study (N = 11), both the no-
multimodal-feedback condition and the Al-driven bioadaptive multi-
modal interaction condition were experienced as generally restora-
tive (above-neutral perceived restorativeness and meaningful pres-
ence). Beyond these shared positive experiences, bioadaptive mul-
timodal interaction yielded a distinct regulatory signature: a sig-
nificantly lower post—pre change in arousal-related Cz f§ power
relative to the no-multimodal-feedback condition, consistent with
altered electroencephalography-based arousal regulation following
the intervention. In addition, a condition-specific coupling emerged
in which PRS Fascination covaried with reaction-time improve-
ment only when bioadaptive multimodal interaction was enabled,
suggesting that perceived restorativeness may become more behav-
iorally informative under physiology-driven adaptation.

Taken together, the findings support three contributions: (i) a
psychology-theory-guided experience design that operationalizes
restorative principles through a structured, low-demand activity
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embedded in a calm natural surround; (ii) a personalized bioad-
aptive interaction mechanism that maps real-time autonomic dy-
namics to multimodal feedback with deployable sensing and light-
weight online personalization; and (iii) evidence for the value of
multidimensional evaluation, where self-report measures alone in-
dicated broadly positive experiences while behavioral, autonomic,
and electroencephalography measures revealed limited behavioral
headroom, heterogeneous autonomic responses, and a clear neural
divergence under bioadaptation. Future work should test longer
and repeated-use protocols, improve interaction ergonomics, and
adopt factorial designs that disentangle multimodal stimulation
from bioadaptive control while validating generalization across
populations and settings.
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