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Haptic feedback as affective 
amplifier: enhanced fear 
perception affects cognitive 
performance and avoidance 
actions in VR height exposure
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Haptic feedback serves as a potent affective amplifier in virtual reality (VR), intensifying 
threat perception to influence emotional intensity. This study investigated how 
haptic-enhanced fear stimuli (delivered through platform shaking during VR height 
exposure) impair cognitive performance and avoidance actions. Twenty male 
participants with self-reported fear of heights were subjected to four emotion-
inducing conditions: neutrality, ground, stationary, and shaking, with each condition 
separated by 1 week. We have multimodal assessed of physiological (EEG, peripheral 
physiological arousal), behavioral (movement distance, eye movement), and cognitive 
performance (nine-light task accuracy rates and reaction time) during fear induction. 
Results revealed significant declines in task accuracy and prolonged reaction 
times during the shaking condition, indicating resource competition where threat 
processing impaired goal-directed motor execution. The decreased movement 
distance and increased pupil dilation indicated the initiation of an automatic 
defense response. Furthermore, physiological markers confirmed amplified this 
threat processing. The increased heart rate and elevated β band activity in EEG, 
indicating heightened cortical engagement with fear stimuli. The integration of 
physiological, behavioral, and subjective measures provides a mechanistic model 
for affective-motor competition, demonstrating how somatic threat cues translate 
into altered actions.
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1 Introduction

Fear is an evolutionary emotion that serves as an adaptive response to environmental 
threats (Peleskova et al., 2023). However, fear, as a negative emotion, can disrupt perception, 
memory, and cognitive processes, impairing the ability to analyze and judge current situations, 
which may lead to disordered behavior (Reynolds and Askew, 2019). Critically, affective 
stimuli (especially threat-relevant cues) compete for attentional resources otherwise allocated 
to motor execution and inhibitory control (Pessoa, 2009; Battaglia et al., 2022). Advancements 
in neuroscience clarify that emotion dynamically interacts with cognition, especially executive 
functions governing motor preparedness and behavioral adaptation (Okon-Singer et al., 2015; 
Raschle et al., 2017; Reisenzein, 2019; Solms and Jurist, 2017). The dual competition model of 
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cognitive-emotional interaction further posits that emotional intensity 
dictates whether affective stimuli enhance or impair motor execution, 
depending on their task relevance and demands on executive control 
(Pessoa, 2009). Low-intensity emotions are suggested to enhance 
sensory representation, thereby improving task-related performance 
(Senderecka, 2018; Sussman et  al., 2013). Moderate emotional 
intensity tends to induce greater perceptual awareness and attention, 
promoting executive function (Kanske and Kotz, 2011; Nayak et al., 
2019). In contrast, high-intensity emotions often impair task 
performance due to their demand for cognitive resources, as the brain 
prioritizes processing these stimuli (Hofstee et al., 2021; Jung et al., 
2014). The methods and sources of stress used to induce fear 
significantly influence the emotional responses experienced by 
individuals. Current research on fear is extensive. However, due to the 
limitations in experimental paradigms and induction methods, 
studies frequently rely on conventional materials such as text, images, 
sounds, odors (Putkinen et al., 2021; Rohr et al., 2022; Vieillard et al., 
2021; Zhang et  al., 2019), or situational inductions through 
recollection and computer games (Ozawa, 2021; Villani et al., 2018; 
Zhang et al., 2014). Researchers have primarily concentrated on the 
mechanisms of emotional processing and the effects of emotional 
valence, frequently neglecting the influence of emotional arousal 
intensity (Sutherland and Mather, 2018). Traditional induction 
methods have demonstrated limitations in inducing high-intensity 
fear emotions, which restricts their research applicability. In recent 
years, researchers have increasingly employed virtual reality (VR) to 
investigate psychological phenomena. VR technology constructs 
virtual environment (VE) that provoke physiological and 
psychological responses, simulating high-risk and high-pressure 
situations while ensuring participant safety (Page and Coxon, 2016). 
This approach facilitates controlled and repeatable scenarios that 
accurately simulate everyday experiences, thus improving the 
ecological validity of psychological research (Bell et al., 2020).

Height is a common source of stress as epidemiological studies 
indicate that approximately one-third of individuals experience 
varying degrees of height intolerance (Teggi et al., 2019). Fear induced 
by height poses a significant risk to individuals, as many experience 
anxiety in high-altitude environments. Traditional methods for 
inducing acrophobia, such as physical exposure to climbing ladders or 
heights, are increasingly unsuitable for contemporary research due to 
limitations in venue conditions, safety, and procedural control 
(Teachman et  al., 2008). Recent studies suggest that human 
psychological and physiological responses are comparable in both real 
and VE (Anglin et al., 2017; Browning et al., 2020). An individual’s 
reactions and interactions in different VE are influenced by various 
technical and psychological factors, with immersion and presence 
being the most significant. Immersion is an objective, technology-
related factor of VE (Litleskare et al., 2020). In contrast, presence 
denotes the subjective experience of “being there”, which is linked to 
psychological and behavioral responses (Kaimara et  al., 2022). 
Performance in VE is positively correlated with the level of presence 
induced by the environment, which is affected by the individual’s 
degree of immersion. Therefore, there is a relationship between 
immersion and presence; immersion influences presence, which in 
turn affects individual performance (Maneuvrier et  al., 2020). In 
everyday life, individuals typically perceive and process information 
through various sensory modalities. As a result, the advancement of 
multisensory information including encompassing visual, auditory, 

tactile, olfactory, and gustatory inputs, has attracted considerable 
attention (Wagener et al., 2022). The realism of virtual reality can 
be  enhanced through the provision of multisensory information. 
Research indicates that multisensory inputs, including auditory, 
tactile, gustatory, and somatic sensations, can enhance the user 
experience in VR (Martin et al., 2021). Furthermore, increasing any 
single sensory input within a VE can also enhance users’ sense 
of immersion.

However, studies examining the influence of multisensory 
information on VR experiences have predominantly focused on 
auditory and tactile modalities, largely due to technological feasibility 
and user acceptance (Shanmughapriya et al., 2024). In VR experiences, 
audiovisual elements serve as essential components for creating 
immersion. However, the introduction of haptic feedback significantly 
enhances emotional induction with technological advancements, 
thereby enhancing users’ sense of immersion and presence (Vrontos 
et al., 2024). Haptic feedback simulates tactile sensations from the real 
world, allowing users to see, hear, and “feel” the texture, temperature, 
and shape of objects while interacting with the virtual environment. 
Research demonstrates that haptic feedback from the footsteps of 
virtual characters in a virtual social environment enhances 
participants’ sense of social presence compared to conditions that rely 
solely on visual or audiovisual stimuli (Lee et  al., 2017). This 
multisensory experience enhances engagement in the virtual 
environment, leading to increased emotional resonance. The haptic 
feedback activates brain regions associated with emotion, thereby 
enhancing users’ emotional responses. For example, when users 
interact with a virtual object in VR, haptic feedback creates a sensation 
of physical contact and strengthens emotional connections to that 
object. This phenomenon has shown beneficial effects in various fields, 
including gaming, education, and psychotherapy (Dey et al., 2018; 
Kono et  al., 2018; Kruijff et  al., 2015; Kruijff et  al., 2017). VR 
technology that simulates height scenarios in virtual caves has been 
shown to effectively induce acrophobia and avoidance behaviors 
(Gromer et al., 2018). Additionally, the integration of wind simulation 
into the VE enhances immersion by stimulating skin sensations, 
thereby significantly enhancing participants’ fear responses (Gromer 
et  al., 2019). Multisensory cues typically evoke more stronger 
physiological responses. For example, participants who received 
additional passive haptic feedback in a VE exhibited higher heart rates 
and skin conductance than those exposed only to visual stimuli 
(Meehan et al., 2002). Passive haptic elements within a virtual threat 
environment increase users’ physiological arousal, resulting in an 
amplified stress response. Therefore, the integration of haptic 
interactions in VR has the potential to enhance immersion and affect 
the intensity of emotional induction.

Recently, we  employed a VR situational induction method to 
develop a fear-inducing scenario centered around high-rise buildings 
using graded haptic feedback (platform shaking) to manipulate threat 
intensity (Cong et al., 2024). In this context, we developed a physical 
platform that visually corresponds a transparent bridge extending 4.8 
meters from the rooftop in the virtual environment. The platform’s 
mechanical sloshing induced by participant motion was 
computationally synchronized with the VR bridge’s visual dynamics 
(appearance, volumetric deformation, and kinematic patterns), 
maintaining cross-modal consistency between physical/virtual 
environments. Crucially, haptic feedback enhances threat realism by 
resolving visuo-vestibular conflicts (Gromer et  al., 2019), which 
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amplifies fear responses and their behavioral correlates. The design of 
our emotional induction platform explicitly prioritizes task relevance. 
When haptic feedback is directly consistent with environmental 
threats, it may enhance participants’ perception and cognitive 
experience of fear. Because emotional mimicry depends not only on 
emotional processing as such but also on how participants prioritize 
information (Mauersberger et  al., 2025). Therefore, task-relevant 
sensory input more effectively modulates emotional and behavioral 
responses. Thus, we conceptualized haptic feedback not only as a 
peripheral stimulus but as a central amplifier of threat relevance. This 
enhanced ecological validity by integrating sensory input with the task 
demands of hazardous environment. This study examines how varying 
levels of haptic feedback (mediated through somatosensory 
interaction) affect fear induction in VR. The VE (e.g., height) served 
as the primary threat stimulus, while haptic feedback (e.g., shaking 
intensity) acted as a task-relevant modulator to amplify 
threat perception.

2 Materials and methods

2.1 Participants

Potential participants for the study were recruited through public 
advertisements at the university and screened for fear of heights using 
self-reported scores on a 10-point Likert scale. The study included 20 
male volunteers (age: M = 22.7, SD = 3.92) with estimated fear scores 
between 6 and 9, targeting a population that is fearful of heights but 
non-clinical. Exclusion criteria included individuals with vestibular 
and balance impairments, as well as those with neurological or 
orthopedic conditions that could interfere with postural control. 
Additionally, participants were required to have prior experience with 
virtual reality environments but should not have been exposed to 
virtual height scenarios. Before participation, all individuals provided 
written informed consent and received 600 RMB as compensation 
upon completion of the experiment. This study received ethical 
approval from the Ethical Review Committee of Air Force Medical 
University. As an exploratory investigation, this study was not 
pre-registered in a public repository. All experimental materials and 
analytical code will be made accessible upon reasonable request. No 
serious adverse events were documented throughout the 
study duration.

2.2 Apparatus

The VE was developed using the Unity3D Engine, showcasing 
a high-rise building that reaches a height of 250 meters. This 
immersive experience was presented through an HTC Vive headset 
(HTC, Taiwan, China), which offers a resolution of 1,080 by 1,200 
pixels per eye, a refresh rate of 90 Hz, and a wide field of view of 100 
degrees. The experiment was performed on a computer operating 
on the Windows 10 64-bit system. The hardware specifications of 
the computer included an Intel Core i9-11900F processor, 64 GB of 
RAM, and an Nvidia RTX 3080 graphics card. Physiological signals 
were recorded using an electroencephalography (EEG) amplifier 
(Brain Products, Munich, Germany) and a Bluetooth physiological 
monitor which measured heart rate (HR), respiration rate (RESP), 

peripheral capillary oxygen saturation (SpO2), pulse rate (PR), and 
skin temperature (TEMP) (Tianjin Puray Instruments Ltd., Tianjin, 
China). The haptic physical interaction platform with a size of 
4.8 m × 0.5 m was used to realize the somatosensory interaction of 
VR in virtual height stimulation scenes. The base of platform is 
equipped with two cylinder spring shock absorbers, providing 
vertical and lateral freedom of movement for the plate (vertical 
displacement ±15 cm, lateral tilt ± 8°). Motion amplitude and 
frequency were passively driven by participants’ actions rather than 
programmed actuators. This design mimics real-world unstable 
surfaces (e.g., swaying bridges) where haptic feedback inherently 
depends on user interaction.

2.3 Experimental design and procedures

A within-subject design was employed in this experiment, with 
the independent variable being the level of haptic feedback in a fear of 
heights. Each participant was required to complete four induced 
conditions: neutrality, ground, stationary, and shaking, with a 
one-week interval between each session. The physical platform was 
engineered to accommodate both dynamic (shaking) and static 
(stationary) operational modes. Individuals experience stress and 
instability in the shaking condition when stepping onto a physical 
platform (featuring a shock absorber) paired with a virtual transparent 
bridge extending from a rooftop at 250 meters height, where the 
bridge also vibrates synchronously in the virtual environment 
(Figure  1A). In the stationary, no significant shaking occurred in 
platform after the human body stepped, while the VR environment 
retained identical height exposure (Figure  1B). For the ground 
condition, participants walked on the actual floor (no physical 
platform), yet the VR scene maintained the same high-altitude threat 
ensuring visual continuity with the shaking and stationary conditions 
(Figure 1C). There is still a difference in somatosensory interaction 
between walking on the ground and walking on the stationary 
platform. The neutrality condition is a safe and quiet room that acts 
as a non-VR-height baseline where participants experienced a 
non-threatening VR environment (a flat, static space without height 
exposure) while walking on the floor (Figure  1D). This aimed to 
isolate fear of heights specific responses by contrasting it with the 
three experimental conditions that explicitly incorporated height 
exposure. The contrasts between the three experimental conditions 
(ground, stationary, and shaking) and the neutrality condition 
(non-height VR baseline) are critical for isolating the specific effects 
of height exposure on fear induction. By comparing these conditions 
to a neutral, non-threatening VR environment, we can disentangle 
fear responses attributable to height exposure itself from baseline 
physiological or psychological arousal caused by VR immersion. The 
key characteristics and design of experimental conditions are shown 
in Table 1.

The actual experiment consisted of the fixed exposure to the four 
conditions which was in a crossover balanced design to eliminate the 
effects of experimental order. The order of the four conditions 
(neutrality, ground, stationary, shaking) was fully randomized for each 
participant using a computer-generated randomization algorithm. A 
balanced Latin square design ensured each experimental condition 
occurred once per session. This ensured balanced permutation 
sequences. Supplementary Table S1 presents the experimental 
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randomization matrix design. Conditions were administered with a 
1-week washout period between sessions to further mitigate potential 
order effects. After the arrival in the laboratory, participants read and 
signed the informed consent. Participants were then equipped with 
electrodes for ECG and EEG measurement. Before being exposed to 
the visual height, participants were required to fill in Positive and 
Negative Affect Schedule (PANAS) questionnaires and read an 
information letter, which described the concept of presence in VR, 
and how it would be  rated during the experiment. Subsequently, 
participants were placed in the center of the VR tracking area and 
helped to put on the VR headsets. Following this, they were equipped 
with virtual reality (VR) headsets and exposed to fear-inducing 
stimuli. They were instructed to walk back and forth on the platform 
within a five-minute timeframe, all the while completing the nine-
light task (Yang et al., 2023). The task was displayed upper-middle 
position in the subject’s VR visual field, allowing clear visibility 
without head movement. The interface comprised nine position 
translucent lights in red, yellow and green colors. This configuration 
mainly assessed executive functioning and sustained attentional 
processing. The participants were required to press the corresponding 
button on the VR controller when a light was lit in every 5 s. The light 
would turn off when the correct button was pressed or after 3 s. When 
completing the experiment, participants filled in another set 
of PANAS.

2.4 Psychological, physiological and 
behavioral measures

The PANAS is a 20-item scale designed to assess two distinct 
dimensions of mood: positive affect and negative affect (Watson et al., 
1988). The scale includes 10 items measuring positive affect and 
another 10 items measuring negative affect. Respondents indicate the 
intensity of their feelings for each mood state using a 5-point Likert 
scale, with options ranging from 1 (very slightly or not at all) to 5 
(extremely). The positive affect scale has demonstrated reliability, with 
Cronbach’ s alpha coefficients ranging from 0.86 to 0.90, indicating 
high internal consistency. Similarly, the negative affect scale shows 
reliable results, with coefficients ranging from 0.84 to 0.87 (Watson 
et al., 1988). Some study isolate fear-related items from PANAS to 
assess context-specific emotional responses (Eadeh et  al., 2020; 
Ortuño-Sierra et al., 2015). In this experiment, the degree of fear was 
assessed by summing the scores of three negative items: scared, 
nervous, and afraid.

EEG data is collected using a 32-channel amplifier with the 
impedance of each electrode maintained below 10 kΩ, continuously 
sampled at a frequency of 500 Hz. The electrodes are positioned 
according to the international 10/20 system. Additional physiological 
signals that can be collected by the Bluetooth physiological monitoring 
device. HR and RESP was measured using an electrocardiogram 

FIGURE 1

Schematic representation of the experimental setup and the four induced conditions for fear of heights. (A) The shaking condition was designed to 
instability when stepping onto a platform which equipped with a shock absorber and can give the panel freedom to move up or down. (B) In the 
stationary condition, the bottom of the platform is supported by a steel frame to ensure that it does not shake. (C) The ground condition refers to 
walking on the floor, whereas the scene maintains the VR height exposure. (D) The neutrality condition is a safe and quiet space where participants can 
walk on the floor without the fear of height exposure.

TABLE 1 The key characteristics and design of experimental conditions.

Condition Walking VR height 
exposure

Physical platform 
instability

Primary purpose

neutrality floor no no Non-VR-height baseline; controls for general VR immersion effects.

ground floor yes no VR height exposure baseline; isolates fear from visual-proprioceptive mismatch.

stationary platform yes no Tests fear induced by visual height cues + stable physical platform.

shaking platform yes yes Tests fear amplification via multisensory conflict (visual + haptic instability).
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obtained from three Ag/AgCl electrodes positioned under the right 
collarbone, on the lower left costal arch, and on the lower left back. 
The PR is obtained by the sensor of SpO2 on the finger. The TEMP 
sensor was positioned at the center of the thorax.

During the experiment, participants’ locations within the VE were 
monitored in real-time. Their movement distance (MD) on the 
physical platform was recorded using two HTC VIVE trackers 
attached to the insteps of both feet. Participants were instructed to 
press the designated button on the VR controller whenever a light 
illuminated, with a new light appearing every 5 s. The light 
extinguished either when the correct button was pressed or after 3 s. 
Throughout the experiment, participants’ reaction times (RT) and 
accuracy rates (ACC) were automatically recorded for analysis. 
Eye-tracking data were collected using the HTC Vive Pro Eye, which 
employs a 5-point calibration method for accurate individual gaze 
tracking. The output data included timestamps, saccade amplitude 
(calculated from the gaze origin), eye openness, and pupil diameter, 
among other metrics (Schuetz and Fiehler, 2022).

2.5 EEG preprocessing and feature 
extraction

A 32-Channel conventional gel injection electrode cap (Brain 
Products, Munich, Germany) was used to ensure stability during the 
experimental procedures. Digital filters were applied to remove 
unwanted frequencies from the EEG signals. High-pass filters 
eliminate low-frequency artifacts, such as DC drift and slow 
physiological changes, while low-pass filters reduce high-frequency 
noise, including muscle artifacts and line interference. A Butterworth 
bandpass filter ranging from 0.5 Hz to 49 Hz is applied to preserve 
potential high-gamma (>30 Hz) components linked to cognitive 
processing for further analysis. 50 Hz trap filtering is also applied to 
further remove powerline interference. Eye movements, especially 
blinking and saccades, frequently contaminate EEG recordings. 
Independent Component Analysis (ICA) was used to identify and 
remove these artifacts. ICA decomposes the EEG signal into 
independent components, facilitating visual inspection and removal 
of those associated with ocular activity. Muscular artifacts were 
addressed through a combination of automated artifact detection 
algorithms and manual inspection. Components with high-frequency 
bursts or significant temporal variability, indicative of muscular 
activity, were excluded. On average, 2 to 5 independent components 
are eliminated for each participant (Pei et al., 2025). Continuous EEG 
data were referenced to an average and segmented into 2-s epochs 
(typically lasting from 1 to 4 s) for subsequent analysis. During the VR 
experiment, high-amplitude noise was observed in electrodes 
positioned over the temporo-parietal, occipital, and frontal regions. 
This artifact was primarily attributed to participant body movements 
causing neck and jaw muscle activation, and mechanical pressure 
exerted by the VR headset. Therefore, several brain electrodes (Fp1, 
FT9, TP9, O1, Oz, O2, TP10, FT10, Fp2) were removed due to poor 
signal quality during the collection of brain electrical activity. 
Consequently, 25 electrodes (i.e., Fz, F3, F7, FC5, FC1, C3, T7, CP5, 
CP1, Pz, P3, P7, P4, P8, CP6, Cz, C4, T8, FC6, F4, and F8) were 
retained for further data analysis.

Band power is a widely used frequency domain feature since it is 
a well-established method (Jenke et al., 2014). Various algorithms have 

been proposed to calculate band power, including the fast Fourier 
transform (FFT), short-time Fourier transform (STFT), and Welch’ s 
method for estimating spectral power density. In this study, power 
spectral densities (PSD) were extracted from 2-s epochs using Welch’s 
estimator. Sample entropy (SE) quantifies the regularity of a time 
series by calculating the negative logarithm of the conditional 
probability of two sequences. SE has become an essential tool for 
quantifying the regularity and complexity of dynamical systems in 
various fields, including neuroscience and physiology (Patidar, 2024). 
Due to their robustness over time and low computational cost, power 
spectrum and sample entropy were chosen as EEG features and 
categorized into four frequency bands: delta (δ, 1–3 Hz), theta (θ, 
4–7 Hz), alpha (α, 8–12 Hz), and beta (β, 13–30 Hz) for 
further analysis.

2.6 Data analysis

The SPSS Statistics 23.0 software (IBM, Armonk, NY, USA) was 
applied in this study. Statistical methods, including repeated measures 
analysis of variance (RMANOVA) and paired t-tests, were employed 
when the collected data demonstrated normal distribution and 
homogeneity of variance. The obtained data were adjusted for multiple 
comparisons using the false discovery rate (FDR). Before conducting 
RMANOVA, we tested the assumptions of sphericity using Mauchly’ 
s test. In cases where the assumption of sphericity was violated 
(p < 0.05), Greenhouse–Geisser corrections were applied to adjust the 
degrees of freedom accordingly. Statistical significance was set at 
p < 0.05 for all tests.

3 Results

3.1 Subjective fear perception

The subjective scale was collected both before and after the 
experiment, allowing for the application of a Two-Way RMANOVA 
to assess the effects of measurement stages and induced conditions. 
The PANAS fear score exhibited a significant difference (F = 3.683, 
p <  0.05). Therefore, an interaction effect exists between the 
measurement stage and the induced condition, as illustrated in 
Figure  2A. To further elucidate this interaction, we  performed 
simple main effects analyses for each factor level. The simple effects 
analysis of the measurement stage revealed no significant 
differences in the PANAS fear scores in the neutrality condition 
(T = 0.818, p > 0.05), ground condition (T = −1.009, p > 0.05), and 
stationary condition (T = −1.782, p >  0.05) (Figure  2B). In the 
shaking condition, a significant difference was observed between 
pre-measurement and post-measurement (T = −2.866, p < 0.01). 
This suggests that the effect of the measurement stage on the 
PANAS fear score was contingent upon the induced condition. 
Another simple effects analysis of the induced conditions, as shown 
in Figures 2C,D, revealed no significant difference in the PANAS 
fear scores at pre-measurement (F = 2.193, p > 0.05). However, a 
significant difference was observed at post-measurement 
(F = 13.046, p < 0.001). These findings indicate that the effect of 
the induced conditions on the PANAS fear score varied across 
different measurement stages.
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3.2 Peripheral physiological arousal

The One-Way RMANOVA indicated significant differences in 
heart rate across various induced conditions (p <  0.05, F = 2.891, 
η2 = 229.45), as presented in Table 2, indicating that the intensity of 
shaking significantly affects heart rate. Specifically, Post-hoc analyses 
using the Bonferroni method showed significant differences between 
the shaking condition and the neutrality, ground, and stationary 
conditions (p < 0.05 for all). There was no significant difference in 
other pairwise comparisons (p > 0.05). Additionally, the statistical 
analysis showed no significant differences in PR, RESP, SpO2, and 
TEMP (p > 0.05), suggesting that fear-induced conditions did not 
significantly impact these indices.

3.3 Brain activity dynamics

3.3.1 Power spectrum analysis
The brain topographic maps based on the PSD index of the four 

induced conditions were created, as shown in Figure 3. The results 
showed significant differences in EEG channels across the four 

induced conditions, mainly in the Cz, CP2, and Pz channels in the α 
band, and the CP5, CP6, Cz, CP2, and Pz channels in the β band (FDR 
correction, p < 0.05). Figures 4A–C show that the PSD of the Cz, CP2, 
and Pz channels in the shaking is significantly higher than that in the 
ground condition (p < 0.05) in the α band. Figures 4D–F indicate that 
the PSD of the Cz, CP2, and Pz channels in the shaking condition also 
exhibits significantly higher values in the β band compared to the 
ground condition (p < 0.05).

3.3.2 Sample entropy analysis
The brain topographic maps based on SE index of the four 

induced conditions were drawn in Figure  5. The results revealed 
significant differences in EEG channels across the four induced 
conditions, particularly in the FC6 channel in the α band and the CP5 
and P3 channels in the β band (FDR correction, p < 0.05). Figure 6A 
shows that the SE in the FC6 channel in the shaking is significantly 
higher than that in the neutrality and ground conditions (p < 0.05) in 
the α band. Figure 6B indicates that the SE in the CP5 channel in the 
shaking is significantly elevated compared to the ground condition in 
the β band (p < 0.05). Additionally, the SE in the stationary condition 
is significantly greater than that in the ground condition in the β band 

FIGURE 2

The scores of psychological measures in the four induced conditions. (A) The interaction effect analysis between the measurement stage and the 
induced condition. (B) The simple effects analysis of the measurement stage. (C) The pre-test fear score from the four induced condition. (D) The 
post-test fear score from the four induced condition. *p < 0.05, **p < 0.01, ***p < 0.001.
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(p < 0.05). In the P3 channel, the SE in the shaking is significantly 
elevated compared to the neutrality condition in the β band (p < 0.05), 
as shown in Figure 6C.

3.4 Behavioral shifts

3.4.1 Eye movement analysis
Table 3 presents the eye movement parameters across the four 

induced conditions. In the shaking condition, participants 
demonstrated a significantly larger pupil diameter in the left eye 
compared to the neutral, ground, and stationary conditions (F = 5.942, 
p < 0.01). Moreover, the pupil diameter of the right eye in the shaking 
condition was significantly larger than in the neutral and stationary 
conditions (F = 3.148, p < 0.05). As the induced conditions changed, 
the trend in pupil diameter for both eyes remained consistent. There 
were no significant differences in saccade amplitude and eye openness 
indices (p > 0.05).

3.4.2 Cognitive and movement performance
Figure  7A shows a significant difference in MD (F = 15.782, 

p < 0.001), where the shaking condition exhibits a lower value than 
both the neutrality and ground conditions (p < 0.001). Additionally, 
the MD in the stationary condition is significantly lower than in the 
neutrality condition (p < 0.001). Figure  7B indicates a significant 
difference in ACC (F = 5.707, p < 0.01), with the shaking condition 
showing a lower value than the neutrality condition (p < 0.05). 
Figure  7C indicates a significant difference in RT (F = 8.230, 

p < 0.001), with the shaking condition showing a higher value than the 
neutrality and ground conditions (p < 0.05).

4 Discussion

This study investigates how affective stimuli, amplified via 
graded haptic feedback (platform shaking), reconfigure motor 
behavior by modulating attentional resources and action pathways. 
The subjective assessments using the PANAS revealed a significant 
difference in fear scores specifically for the shaking condition 
compared to other conditions, highlighting its distinct impact. This 
suggests that the haptic feedback provided in the shaking condition 
effectively heightened the participants’ sense of fear. This aligns 
with existing literature indicating that incorporating haptics into 
VE can increase sensory fidelity and provide powerful and 
immersive experiences (Venkatesan et al., 2023). The study on the 
effects of haptics in spider virtual reality exposure therapy (VRET) 
revealed that the haptic condition was more effective in inducing 
anxiety compared to both the control group and a similar scenario 
without haptics (Brice et al., 2021). A study of VR games found 
that haptic feedback made them feel more authentic about the 
action and threats in the game (Venkatesan et al., 2023). Therefore, 
haptic feedback simulates physical sensations, enhancing the users’ 
sense of presence and emotional connection in the virtual world. 
The absence of significant differences in neutrality, ground, and 
stationary conditions emphasize the specific role of haptics in 
modulating fear perceptions.

TABLE 2 Data statistics of the peripheral physiological in the four induced conditions.

Parameter Induced 
conditions

M SD SS df MS F p η2

HR

neutrality 83.546 9.351

688.351 3.000 229.450 2.891* 0.044 0.138
ground 82.263 10.570

stationary 83.055 13.019

shaking 89.824 10.031

PR

neutrality 85.436 9.765

288.082 3.000 96.027 1.686 0.181 0.086
ground 84.437 10.222

stationary 85.859 12.177

shaking 89.579 10.755

RESP

neutrality 24.067 3.834

39.019 2.101 18.576 1.358 0.270 0.070
ground 24.680 3.620

stationary 24.627 3.930

shaking 26.017 4.586

SpO2

neutrality 97.192 1.102

7.390 1.333 5.546 0.550 0.514 0.030
ground 97.001 3.825

stationary 97.331 0.807

shaking 97.842 1.173

TEMP

neutrality 33.726 0.937

0.431 3.000 0.144 0.186 0.906 0.010
ground 33.637 0.983

stationary 33.517 1.243

shaking 33.594 1.313

Heart rate (HR), respiration rate (RESP), peripheral capillary oxygen saturation (SpO2), pulse rate (PR), skin temperature (TEMP). The significance levels are marked as follows: *p < 0.05.
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Physiologically, the heart rate data further supported the 
subjective findings, with significant elevations observed in the shaking 
condition compared to others. This physiological arousal aligns with 
the heightened fear scores and suggests an autonomic nervous system 
response to perceived threats in VR (Bzdúšková et al., 2022). When 
simulating a high-altitude scenario in VR, participants showed 
significant physiological fear responses, including changes in heart 
rate and skin conductance (Diemer et  al., 2016). In addition, the 
results of another study also showed that high exposure in VR 
significantly increased participants’ subjective fear levels, and this was 
confirmed by heart rate variability (HRV) analysis (Kristína et al., 
2024). Notably, other physiological indices such as pulse rate, 
respiration, and skin temperature did not exhibit significant changes, 
indicating that heart rate may be a more sensitive marker of acute fear 
responses in VR environments.

The EEG data provided additional insights into the neural 
correlates of fear induction. The increased power spectral density 
(PSD) values in the α and β in the shaking condition, particularly in 
overlapping channels such as Cz, CP2, and Pz, suggest heightened 
cortical activity associated with processing fear-related stimuli. 
Heightened β activity suggests hypervigilance mediated by the 

amygdala-prefrontal circuitry (Davis and Whalen, 2001; Pessoa, 
2008). Increased β synchronization likely represents amplified sensory 
processing in cortical threat detection networks, particularly the 
salience network anchored in the insula and dorsal anterior cingulate 
(Seeley et al., 2007). This aligns with our observation of β increases at 
CP2/Pz which involved in multisensory integration of threat cues 
(Mobbs et al., 2010). Paradoxically, elevated α activity co-occurred 
with heightened β. The α is generally associated with relaxation, 
wakefulness, and brain inhibition, while the β is highly associated with 
alertness, arousal of emotion (Li and Zheng, 2021). One research 
indicates a significant correlation between the severity of acrophobia 
and the mean α and β activity and this suggests an increase in alertness 
and cognitive engagement when exposed to fear-inducing stimuli 
(Russo et al., 2024). One evidence suggests that increased α activity is 
associated with reduced attentional responses to specific stimuli, such 
as spiders, indicating that α may play an inhibitory role in unconscious 
defense mechanisms (Bazan, 2017). While participants reported 
consciously redirecting attention to the nine-light task to manage fear, 
their reduced task accuracy suggests a trade-off between fear 
regulation and cognitive performance. The dual α and β enhancement 
reveals a neural efficiency trade-off. Participants’ focus on the task was 

FIGURE 3

The brain topographic maps based on the power spectral density (PSD) index of the four induced conditions. (A) δ band (1–3 Hz) PSD differences 
(black dots: FDR correction p > 0.05). (B) θ band (4–7 Hz) PSD differences (black dots: FDR correction p > 0.05). (C) α band (8–12 Hz) PSD differences. 
There were significant differences at Cz, CP2, and Pz after FDR correction (red dots: p < 0.05). (D) β band (13–30 Hz) PSD differences. There were 
significant differences at Cz, CP2, Pz, CP5 and CP6 after FDR correction (red dots: p < 0.05).
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effortful and resource-limited. Prefrontal resources allocated to fear 
regulation (indexed by frontoparietal β activity) likely compromised 
executive function required for the nine-light task. This interpretation 
aligns with Pessoa’s “network competition model”: amygdala-driven 
arousal consumes prefrontal resources normally supporting cognitive 
control (Pessoa, 2008). The significant accuracy decline during 
shaking condition exemplifies this resource reallocation.

Evidence indicates that regions near the central parietal lobe, 
including electrodes Cz, CP1, CP2, and Pz, exhibit the strongest 
efferent information flow during danger recognition, suggesting their 
involvement in identifying and processing potentially threatening 
stimuli (Wei et  al., 2024). Although the study focused on danger 
recognition, it can be speculated that these brain regions may also play 
an important role in fear responses, as fear is often associated with the 
perception and response to potential threats. Research has shown that 
emotional intensity and personality type significantly impact the SE 
as emotional intensity increases (Wan et al., 2023). The CP5 is the 
common channel of the two EEG indices of PSD and SE in β band. A 
study on music emotion recognition utilizing EEG entropy features 
found that, based on statistical analysis of the optimal channel number 

from 30 subjects, the principal component channel in the central brain 
region is CP5, which is closely associated with emotional responses 
(Xie et al., 2022). Elevated SE values in CP5 further imply increased 
complexity and engagement of neural circuits in response to the 
shaking condition. Haptic feedback may enhance the effect of VR fear 
induction in the shaking condition, as increased tactile cues can 
enrich the sense of presence (Gromer et al., 2019). Compared to the 
neutral condition, both the ground and stationary conditions can also 
induce fear. However, the low amplitude of shaking results in weak 
feedback, which leads to a minimal evoked effect.

Significant differences were also observed in pupil diameter, 
MD, RT, and ACC across the four induced conditions. Inducing 
fear in the shaking condition significantly affected participants’ 
cognition and behavior, leading to increased avoidance behavior 
and decreased performance. The enlargement of pupil diameter 
indicates heightened arousal and attentional demands. The 
increase in pupil size associated with fear results from the 
activation of the sympathetic nervous system, which causes the 
dilator pupillae muscle to contract, leading to pupil dilation 
(Mathôt, 2018). Compared to positive emotional stimulation, 

FIGURE 4

The PSD of the Cz, CP2, and Pz channels was analyzed across the four induced conditions in the α and β frequency bands. (A) The PSD of the Cz 
channels in the α band. (B) The PSD of the CP2 channels in the α band. (C) The PSD of the Pz channels in the α band. (D) The PSD of the Cz channels 
in the β band. (E) The PSD of the CP2 channels in the β band. (F) The PSD of the Pz channels in the β band. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 5

The brain topographic maps based on sample entropy (SE) index of the four induced conditions. (A) δ band (1–3 Hz) SE differences (black dots: FDR 
correction p > 0.05). (B) θ band (4–7 Hz) SE differences (black dots: FDR correction p > 0.05). (C) α band (8–12 Hz) SE differences. There were 
significant differences at FC6 after FDR correction (red dots: p < 0.05). (D) β band (13–30 Hz) SE differences. There were significant differences at CP5 
and P3 after FDR correction (red dots: p < 0.05).

FIGURE 6

The SE of the FC6, CP5, and P3 channels was analyzed across four induced conditions in the α and β frequency bands. (A) The SE of the FC6 channels 
in the α band. (B) The SE of the CP5 channels in the β band. (C) The SE of the P3 channels in the β band. *p < 0.05, **p < 0.01.
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TABLE 3 Data statistics of the eye movement in the four induced conditions.

Parameter Induced 
conditions

M SD SS df MS F p η2

Left eye saccade 

amplitude

neutrality 48.178 4.584

86.934 1.939 44.835 2.939 0.067 0.134
ground 47.876 4.927

stationary 50.413 5.977

shaking 49.645 6.539

Right eye saccade 

amplitude

neutrality 46.511 6.302

21.981 3.000 7.327 0.588 0.625 0.030
ground 46.510 4.390

stationary 47.530 5.180

shaking 46.114 4.563

Left eye pupil 

diameter

neutrality 3.805 0.798

3.281 3.000 1.094 5.942** 0.001 0.238
ground 3.873 0.827

stationary 4.027 1.027

shaking 4.331 1.020

Right eye pupil 

diameter

neutrality 3.788 0.838

2.198 2.322 0.947 3.148* 0.046 0.142
ground 3.852 0.820

stationary 3.862 1.215

shaking 4.211 1.162

Left eye openness

neutrality 0.870 0.073

0.012 2.125 0.006 0.928 0.408 0.047
ground 0.864 0.096

stationary 0.896 0.061

shaking 0.883 0.064

Right eye openness

neutrality 0.855 0.019

0.021 3.000 0.007 2.048 0.117 0.097
ground 0.888 0.009

stationary 0.873 0.018

shaking 0.898 0.013

The significance levels are marked as follows: *p < 0.05, **p < 0.01.

FIGURE 7

The performance of behavioral and cognitive parameters in the four induced conditions. (A) The movement distance calculated from the participants’ 
location while walking on the platform. (B,C) The Nine-light task performance (ACC and RT). *p < 0.05, **p < 0.05, ***p < 0.05.
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individuals exhibit greater sensitivity to negative emotional 
stimulation, resulting in increased pupil dilation that persists for 
a longer duration (Derksen et al., 2018; Oliva and Anikin, 2018). 
The lower ACC along with increased RT, indicate a significant 
disruption in nine-light task performance due to the cognitive 
load imposed by induced fear. These findings are consistent with 
cognitive-emotional interference theories (Bishop, 2007; Pessoa, 
2009), which propose that high-arousal negative states like fear 
compete for shared attentional and executive resources, 
diminishing capacity for goal-directed tasks. Specifically, during 
the shaking condition, participants exhibited a significant increase 
in fear levels. This heightened fear state likely activated 
neurobehavioral avoidance mechanisms, reducing MD as 
participants subconsciously avoided physical interaction with the 
threatening virtual environment. This avoidance behavior 
indicates an automatic defense response after being stimulated by 
fear. The increased pupil diameter which is an autonomic arousal 
index, further supports this subconscious defensive response. 
Concurrently, the fear state likely consumed cognitive resources, 
impairing sustained attention and working memory necessary for 
efficient performance in the nine-light task, thus degrading ACC 
and increasing RT. Therefore, these behavioral metrics collectively 
demonstrate that fear diminishes the cognitive resources necessary 
for task completion, while high-arousal stimuli typically impair 
task performance (Battaglia et al., 2021). Our findings demonstrate 
that haptic feedback as task-relevant affective stimuli significantly 
altered motor behavior.

Comprehensive analysis results of subjective fear perception, 
physiology arousal and behavioral performance suggests that the 
haptic feedback provided in the shaking condition effectively 
heightened participants’ sense of fear compared to other 
conditions. The haptic feedback amplifies affective threat stimuli, 
creating a paradigm to dissect emotion-action interactions. By 
enhancing ecological realism (e.g., shaking platform synchronizing 
with visual height cues), haptics intensifies perceived threat 
credibility (Brelet and Gaffary, 2022; Kim et al., 2019; Venkatesan 
et  al., 2023), triggering dual motor consequences: conscious 
appraisal of threats (e.g., shaking as part of the VR environment) 
competes for prefrontal resources, degrading executive motor 
control. While subconscious threat detection potentiates reflexive 
motor avoidance independent of task goals. This dissociation 
exemplifies how affective stimuli bifurcate motor behavior: 
conscious appraisal impairs goal-directed actions, while 
subconscious threat detection primes defensive maneuvers. Future 
studies should explore demographic variables (e.g., gender 
differences in affective-motor pathways) and explore threat 
relevance (e.g., haptics as distractor vs. task signal) to advance the 
mechanism of how emotions govern actions.

5 Conclusion

This study establishes haptic feedback as a potent affective stimulus 
amplifier that directly reconfigures motor behavior through distinct 
neurocognitive pathways. Our integration of physiological, behavioral, 
and subjective measures provides a mechanistic model for affective-
motor competition, demonstrating how somatic threat cues translate 

into altered actions. From an application standpoint, our findings 
provide valuable insights for the development of VR-based applications 
in therapy, emotional training systems, and real-world stress 
simulations. Future research should explore the long-term behavior 
effects of repeated exposure to such stimuli, as well as their specific 
applications across various domains. Expanding the range of 
physiological and behavioral measures could also better explore the 
relationship between emotional stimuli and motor behavior.
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