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Figure 1: Heartbeat signals are modulated using low-frequency sound waves to create the perception of heartbeat sensations 
within the user’s chest cavity. 

Abstract 
Perceiving and altering the sensation of internal physiological 
states, such as heartbeats, is key for biofeedback and interocep-
tion. Yet, wearable devices used for this purpose can feel intrusive 
and typically fail to deliver stimuli aligned with the heart’s location 
in the chest. To address this, we introduce Heartbeat Resonance, 
which uses low-frequency sound waves to create non-contact haptic 
sensations in the chest cavity, mimicking heartbeats. We conduct 
two experiments to evaluate the system’s effectiveness. The first 
experiment shows that the system created realistic heartbeat sensa-
tions in the chest, with 78.05 Hz being the most effective frequency. 
In the second experiment, we evaluate the effects of entrainment by 
simulating faster and slower heart rates. Participants perceived the 
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intended changes and reported high confidence in their perceptions 
for +15% and -30% heart rates. This system offers a non-intrusive 
solution for biofeedback while creating new possibilities for immer-
sive VR environments. 
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1 Introduction 
As our daily lives become more intricate and demanding, the need 
to understand and engage with our internal physiological states is 
growing increasingly important [37]. Disruptions to physiological 
balance can affect cognitive performance [51] and overall health 
[1, 80]. Within this context, human-computer interaction (HCI) is 
uniquely positioned to create physiological computing systems to 
enhance our ability to perceive and regulate internal states [32, 47]. 
Biofeedback is one such approach, where physiological data is 
used to help individuals regulate bodily functions that are typically 
outside conscious awareness [10, 55]. 

While traditional biofeedback has effectively enhanced aware-
ness and control over physiological states, entrainment offers a 
complementary alternative. Entrainment uses external stimuli to 
influence and synchronize with physiological rhythms [8]. Unlike 
biofeedback, which often requires active user engagement to con-
sciously regulate internal states, entrainment is a more passive 
process. This approach guides the body’s rhythms through external 
modulation without conscious effort. 

A critical area of innovation in this paradigm is developing meth-
ods that effectively target interoception—the process of perceiving, 
interpreting, and integrating signals from within the body [13]. 
Enhanced interoceptive ability is crucial for emotional regulation 
[30] and social cognition [6], with abnormalities in this process 
linked to conditions such as depression [48], anxiety [79], and neu-
rodegenerative diseases [11]. Interoception enables individuals to 
better understand and respond to their body’s signals, which can 
lead to better informed and healthier behaviors. 

Entrainment feedback is often delivered using the same methods 
as biofeedback. The key difference is that biofeedback senses in-
ternal body signals and replays them, whereas entrainment guides 
the body’s signals to align with an external rhythm. Typically it 
is delivered as visual [3, 93], auditory [59, 69], or haptic feedback 
mechanisms [21, 61]. Visual feedback often involves graphs or im-
ages on screens; auditory feedback might use tones or beeps; and 
haptic feedback usually comes in the form of vibrations or physical 
manipulations. Real-time haptic feedback appears to significantly 
improve interoceptive ability and shift attention towards bodily 
sensations, compared to visual or auditory feedback [21, 102]. Yet, 
the haptic feedback is delivered through physical devices that may 
be cumbersome and restrict movement and comfort. The feedback 
location, in some cases, might not align with the origin of the 
biosignals, such as the chest for heartbeat feedback [98, 105]. These 
factors can degrade the overall user experience and comfort. 

To address these limitations, we propose Heartbeat Resonance, 
a system for inducing non-contact haptic sensations of heartbeats 
using low-frequency sound waves. Low-frequency sounds can cre-
ate standing waves in an acoustically sealed environment. These 
standing waves generate pressure fields with specific spatial dis-
tributions. The pressure fields, when hitting a person, can induce 
haptic sensations in different parts of the body [43]. By leveraging 
this phenomenon, we design a digital heartbeat signal and modulate 
it with the low frequencies. This enables us to effectively simulate 
the sensation of a heartbeat in the user’s chest cavity without phys-
ical contact, offering a novel and potentially more comfortable way 
to deliver feedback. 

In this paper, we discuss the design and implementation of Heart-
beat Resonance and present its perceptual and physical impact on 
participants. In Section 4, we explain how we developed the system 
and designed the digital heartbeat signals. We validate the system’s 
ability to produce realistic heartbeat sensations in a user study, 
detailed in Section 5. In this study, participants were exposed to dig-
ital heartbeat signals modulated at various low frequencies. Their 
responses allowed us to identify the optimal frequency and signal 
characteristics that created the most realistic heartbeat sensations. 
In a second user study, participants were exposed to digital signals 
designed to simulate increased and decreased heart rates to en-
courage entrainment. We assessed participants’ ability to perceive 
the heart rate changes, their confidence in these perceptions, and 
the system’s influence on their actual heart rates (see Section 6). 
This experiment explored whether participants’ heart rates could 
follow the delivered signals of simulated increases or decreases. Our 
findings demonstrate that the system produced realistic sensations 
in the chest cavity and showed evidence of entrainment, indicating 
potential applications in everyday life and diverse settings (see 
Section 7). 

2 Related Work 
We begin by exploring the various forms of biofeedback and en-
trainment—visual, auditory, and haptic—and the role of biofeedback 
on interoceptive ability. We also discuss the different parameters 
used to modulate heart rate feedback. Finally, we highlight the 
major underlying theoretical foundations that explain how heart 
rate biofeedback works. 

2.1 Biofeedback And Entrainment 
Biofeedback is extensively addressed in the form of visual, auditory, 
and tactile cues, or a combination of them [68]. Designing these 
types of feedback can be challenging as individuals might interpret 
them differently depending on their cultural or personal beliefs 
[70, 71]. One relevant way of sharing biofeedback is through visu-
alization [22, 76, 77]. It effectively transforms invisible data into 
a visual form that users can easily understand and use to obtain 
information [36]. For instance, Miner et al. [73] altered participants’ 
breathing rate through visuals in Virtual Reality, while Leslie et 
al. [59] did so by using auditory feedback. Another form is tactile 
biofeedback, which has been used for improving body posture and 
balance [95, 96]. 

Among biofeedback solutions, heartbeat biofeedback stands out 
as a relevant source of physiological information and a means 
to enhance bodily awareness [88]. Fang et al. [33] demonstrated 
how visual heartbeat signals shared among players in a face-to-
face game could influence decision-making. Similar experiences 
have been reported when using mobile applications and wearable 
devices to share visual heartbeat representations [19, 44, 64, 65]. 
Other modalities include auditory cues [46] and haptic feedback, 
such as vibrations delivered to the chest or fingers [91, 98]. 

Building on these approaches, entrainment offers an additional 
way to actively influence physiological rhythms through external 
stimuli [8]. Entrainment is the natural process where biological 
rhythms, like heartbeats or breathing, align with repeating patterns 
such as sounds [85, 100], lights [2, 89], or tactile pulses [87]. This 
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alignment occurs because the body responds to rhythmic inputs, 
allowing external stimuli to guide internal processes. For instance, 
vibrations [87] or visual [57] cues can encourage the heart to beat 
in sync with the stimulus, promoting relaxation [39, 105]. Other 
signals, such as breathing [75, 85] or brainwaves [7, 104], can also 
be influenced through entrainment. While biofeedback and entrain-
ment systems share similar mechanisms, biofeedback emphasizes 
awareness and voluntary control, while entrainment focuses on 
passive synchronization through carefully designed stimuli. 

Heartbeat biofeedback and entrainment have been shown to im-
prove empathy between users [44, 66] and induce calming effects 
[46, 105]. It is particularly beneficial for people with anxiety and 
stress [40, 101]. Following this path, we present Heartbeat Reso-
nance, a non-contact haptic feedback system that delivers heartbeat 
sensations inside the chest cavity. This solution addresses the pos-
sibility of feeling a heartbeat without requiring the user to equip 
any devices. 

2.2 Interoception 
Interoception [13, 38] refers to the awareness and perception of 
internal bodily sensations, such as a racing heart after a sudden 
fright or a growling stomach when hungry. It plays an important 
role in emotion regulation, decision-making, and overall well-being 
[45, 50]. Awareness of these bodily signals can significantly impact 
how emotions are processed and regulated, and it is closely linked 
to various psychological conditions, such as trauma [78], anxiety 
[23, 42, 83], self-regulation [31], and alexithymia [103]. 

Research has shown that biofeedback interventions, including 
visual, auditory, and haptic feedback, can enhance interoceptive 
abilities, helping individuals become more in tune with their inter-
nal signals [9, 35]. For example, Ashton et al. [5] demonstrated that 
visual feedback can improve heartbeat perception accuracy, while 
Schandry et al. [84] showed that auditory feedback can help slow 
heart rate. Dobrushina et al. [21] employed both haptic and visual 
systems to enhance cardiac interoception, with haptic biofeedback 
proving more effective than visual feedback. Although not explic-
itly explored, a possible effect of Heartbeat Resonance could be an 
increased awareness of internal bodily states, possibly contribut-
ing to positive effects such as improved emotional regulation and 
well-being. 

2.3 Parameters for Heart Rate Modulation 
The delivery of heart rate biofeedback has been widely studied in 
the fields of psychology, health, and HCI. Different approaches have 
been employed to modulate the parameters for delivering heartbeat 
sensations, focusing on aspects such as sensory modality, frequen-
cy/Beats Per Minute (BPM) selection, and area of application. 

Different sensory modalities have been used to deliver heart 
rate feedback, including visual, auditory, and haptic approaches. 
Visual feedback [3, 22, 76, 77, 93], such as flashing lights or graphi-
cal representations, is effective for detailed monitoring and when 
visual attention is available, though it may be limiting in more 
immersive scenarios. Auditory feedback [59, 69, 95, 96], involving 
rhythmic sounds or tones, helps evoke emotional responses, en-
hancing participants’ awareness of their physiological state and 
aiding relaxation or arousal. Haptic feedback [14, 21, 92, 98, 105], 

particularly vibrotactile, allows users to physically feel their heart 
rate, fostering a sense of bodily presence. The specific application 
and intended experience largely dictate the choice of modality. 

The BPM of heart rate is a well-explored parameter for biofeed-
back and entrainment. BPM can be the same as the real heart rate 
of the user, higher or lower. The same BPM heart rate feedback 
is typically used for biofeedback, while entrainment uses external 
rhythms (with higher, lower, or matching BPM) to guide synchro-
nization [56]. We discussed the utility of biofeedback in Section 
2.1. Studies have shown that a higher BPM can lead to excitement, 
arousal, fear, or nervousness [16, 54, 97], while a lower BPM can 
induce relaxation or reduce anxiety [15, 20, 82]. There are two 
common strategies for selecting BPM: using percentages to adjust 
the heart rate (e.g., increasing by 15%) [16, 20, 25] and using fixed 
values for higher or lower BPM [14, 15, 92]. Both strategies have 
their advantages; percentage adjustments allow for a more person-
alized response based on the user’s baseline, while fixed values can 
simplify the setup and ensure consistency across participants. 

Another important consideration is the area of delivery on the 
body. Wrist-worn devices [14, 15, 97] have been the most common 
method of delivering heartbeat feedback. However, other body 
parts, such as the chest [21, 91, 92], neck [92], ankles [92], and hand 
[98, 105], have also been explored. The chest might be suggested 
as the most effective area, as it aligns with the natural origin of 
the heartbeat, potentially enhancing the perceived realism [21]. In 
contrast, the wrists or hands are reported to be less effective [92]. 
However, if the aim is to deliver feedback discreetly, the ankles can 
be a suitable option, due to lower awareness of sensations [92]. 

2.4 Theoretical Foundations of Heart Rate 
Biofeedback 

Heart rate biofeedback (HRB) is a method that allows individuals 
to gain voluntary control over their autonomic functions, particu-
larly heart rate, by providing real-time feedback. This method has 
been shown to improve physiological regulation and emotional 
well-being [55]. Based on the available literature on HRB, we dis-
cuss five of the more prominent theories that explain HRB: Oper-
ant Conditioning [28], the Psychophysiological Principle [86], the 
Baroreceptor Reflex [24], the Resonance Frequency Phenomenon 
[57], and Vagal Afferent Pathways [18]. 

One of the earliest theories underlying HRB is Operant Condi-
tioning [27, 28, 72]. Developed in the 1960s, this theory suggests 
that individuals can learn to control their physiological responses 
through reinforcement. In HRB, real-time feedback on heart rate 
serves as a form of reinforcement, encouraging behaviors that lead 
to desired outcomes, such as lowered heart rate or increased heart 
rate variability [29]. 

Building on the foundation of operant conditioning, the Psy-
chophysiological Principle [86] was introduced in the 1970s. This 
theory highlights the direct relationship between physiological and 
psychological states. By making individuals aware of their physi-
ological signals, such as heart rate, HRB enables them to regulate 
their mental and emotional states more effectively. This connection 
between body and mind has been crucial in understanding how 
biofeedback can improve both physical health and psychological 
well-being [26]. 
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In the 1990s, the Baroreceptor Reflex [24] was recognized as a 
key theory in HRB. This reflex involves the body’s natural ability 
to regulate heart rate and blood pressure through feedback loops 
mediated by baroreceptors. In HRB, the baroreceptor reflex is en-
gaged by simulating changes in heart rate, which can then influence 
blood pressure and trigger further adjustments in heart rate, creat-
ing a dynamic feedback loop that supports cardiovascular stability 
[58, 60, 94]. 

The Resonance Frequency Feedback [57] theory, which gained 
prominence in the 2000s, involves synchronizing breathing and 
heart rate oscillations at a specific resonance frequency, typically 
around 0.1 Hz. This synchronization maximizes heart rate variabil-
ity (HRV), which is associated with better cardiovascular health and 
greater resilience to stress [53]. It also leads to better gas exchange 
during respiration, enhanced oxygen delivery to tissues, and overall 
improved autonomic balance [94]. 

The most recent development in HRB theory is the Vagal Affer-
ent Pathways [18], which became prominent in the 2010s. These 
pathways connect the heart and brain via the vagus nerve. HRB 
stimulates these pathways by enhancing vagal tone (the level of 
activity of the vagus nerve). Increased vagal tone is associated 
with greater parasympathetic activity, promoting relaxation and 
reducing stress [81]. This process positively influences brain areas 
involved in emotional regulation, which are crucial for processing 
emotions and bodily sensations [49, 52]. 

3 Creating Non-Contact Tactile Sensations 
Heartbeat Resonance aims to induce non-contact heartbeat sensa-
tions in the chest, as outlined in the introduction. To achieve this, 
we took inspiration from a recent study where non-contact haptic 
sensations were successfully delivered to the whole body using low-
frequency sounds [43]. This approach enables our goal of providing 
non-contact heartbeat sensations. We recreated this system for our 
study, allowing us to deliver tactile sensations without requiring 
the user to wear or touch any device. It should be noted that the 
system proposed by Hassan et al. [43] was neither developed nor 
evaluated to deliver heartbeat sensations, but was instead designed 
to provide monotonic haptic feedback. We first explain how the 
non-contact system works, and in Section 4 we discuss how we 
adapted it to deliver non-contact heartbeat sensations in the chest. 

3.1 Materials 
The experiments were conducted in a specially constructed room 
designed to optimize the reflectance and control of low-frequency 
sounds, shown in Fig. 2. The room was built from medium-density 
fiberboard (MDF) and had dimensions of 1.7m × 2.18m × 2.12m. 
To deliver the low-frequency sound signals, we used an SB 4000 
subwoofer by SVS 1 , which is capable of producing up to 300 Hz 
frequencies with peak amplitude of 126.8 dB. The subwoofer was 
positioned centrally along the y-axis. The signals were relayed to 
the subwoofer through a Scarlett 6i6 pre-amplifier2 . 

1SVS SB 4000 Subwoofer 
2The Scarlett 6i6 2𝑛𝑑 Generation is discontinued. See Scarlett 4i4 4𝑡ℎ Generation. 

3.2 Theoretical Basis 
The system operates by emitting low-frequency sound waves from 
a subwoofer, which then reflect off the walls of an acoustically 
sealed room. These sound waves interact to form standing waves, 
creating zones of high (antinodes) and low (nodes) acoustic pres-
sure. This spatial distribution of pressure, known as room modes, 
depends on the room’s dimensions and the frequency of the sound 
waves. When the standing waves come into contact with a person, 
they experience tactile sensations corresponding to the pressure 
of the standing wave at the point of contact [43, 74]. This pressure 
distribution of the standing waves is predictable, which enables the 
delivery of the controlled tactile sensations to the whole body, or 
localized to specific regions. 

3.3 Simulation of Standing Waves 
Every room has specific modes (frequencies) at which strong stand-
ing waves are formed. The modal response (a set of modes) of the 

current room was calculated using 𝑓𝑝𝑞𝑟 = 𝑐2 

√︂ 
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𝐿𝑥 
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, 

where 𝑓𝑝𝑞𝑟 is the frequency of the mode with indices 𝑝 , 𝑞, and 𝑟 ; 𝑐 
is the speed of sound; and 𝐿𝑥 , 𝐿𝑦 , and 𝐿𝑧 are the dimensions of the 
room. This equation identified 14 modal frequencies below 200 Hz 
—78.05, 80.26, 100.09, 111.95, 126.92, 128.29, 150.17, 156.1, 160.51, 
175.53, 178.49, 185.44, 189.17, and 200.18 Hz. The 200 Hz limit was 
chosen because simulating standing waves at higher frequencies 
becomes increasingly challenging due to the added complexities 
and interactions within the acoustic environment. 

The pressure distribution of each of these frequencies was simu-
lated using the Helmholtz equation for wave propagation [34]. The 
Helmholtz equation was solved using Finite Element Analysis (FEA) 
as it allows for precise modeling of the acoustic wave behavior. This 
provided us with the pressure distributions for each of the frequen-
cies throughout the room, giving us a detailed understanding of 
where the strongest haptic sensations would occur. 

We used a specific room in our current setup, as described in 
Section 3.1. However, the system can be implemented in rooms 
with different sizes and reflectivity of the walls. This would require 
the above process to be repeated for the new room. The dimen-
sions of the new room would determine the room’s modal response, 
followed by FEA simulations of the standing waves in the room. 
We provide code in Appendix A to model and simulate the spatial 
distribution of pressure in a new environment. After calculating the 
areas of high pressure from the spatial distribution, the setup in Sec-
tion 4 can be followed to set up Heartbeat Resonance. Appendix A.1 
includes code for modeling walls with varying reflectivity. Appen-
dix A.2 provides code for incorporating objects into the simulation, 
as these can affect the propagation of standing waves. 

3.4 Delivering Tactile Sensations 
This system can produce non-contact tactile sensations, however, 
we are especially interested in the emergent properties highlighted 
in the previous study [43], such as the ability of low-frequency 
sounds to generate sensations perceived inside the body. This emer-
gent property aligns with our goal of simulating realistic heartbeat 
sensations and achieving entrainment. In the following section, we 
explain how we adapted the system for our purpose. 

https://svsound.ca/products/sb-4000?srsltid=AfmBOoqVGRQ1WNpY7Fkb6lF4sV7oilqzZYKkRO7HjqV2Dy3VIfzX9UvI
https://focusrite.com/products/scarlett-4i4
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Figure 2: (a) The room where the experiment took place, showing the dimensions and the position of the subwoofer used 
to deliver low-frequency vibrations for Heartbeat Resonance. (b) The Heartbeat Resonance condition where the participant 
experienced non-contact sensations in the chest area. (c) The condition where the participant experiences vibrotactile feedback 
on the wrist. Participants wore a Polar H10 heart rate monitor in both conditions for Experiment 2. 

4 Non-contact Heartbeat Sensations 
In this section, we discuss how we utilized low-frequency sounds 
to create non-contact heartbeat sensations. While Hassan et al. [43] 
employed constant sine waves to deliver monotonous sensations, 
the dynamic nature of a heartbeat is different. Heartbeat signals 
are characterized by distinct pulses and variability, making them 
challenging to replicate with low-frequency sound waves. The 
key challenge was to ensure that adapting the signals to simulate 
heartbeats would preserve the emergent properties while effectively 
generating the desired heartbeat sensations in the chest area. In 
the following subsections, we describe how we approached this 
adaptation. 

4.1 Digital Signal Creation 
The digital heartbeat signal was created by replicating the key com-
ponents of a real heartbeat signal. A heartbeat signal is composed of 
three main elements: the “lub” (S1), which is the primary pulse; the 
“dub” (S2), a quieter secondary pulse; and the “tail”, a faint sound 
that follows the dub. 

We generated each component using a sine wave at 150 Hz. This 
frequency was empirically selected after experimentation. To make 
the components sound smooth and natural, we applied an envelope 
to each one. This envelope gradually increased and decreased the 
volume, resulting in pulses that rise and fall gently, preventing 
abrupt transitions. 

After generating the “lub”, “dub”, and “tail”, we arranged them 
into a single heartbeat pattern. The timing between each compo-
nent was modeled on a reference heart rate of 60 beats per minute 
(BPM). The entire “lub-dub-tail” sequence was repeated to match 
the desired duration, with periods of silence between beats to sim-
ulate the natural pauses in a real heartbeat signal. This generated a 
continuous signal that could be played for any arbitrary duration. 
To achieve different BPMs, we dynamically adjusted the timing to 
reflect the natural rhythm of a heartbeat, ensuring appropriate gaps 
between the “lub”, “dub”, and “tail”. Using this process, we created 
two distinct heartbeat signals: 

Basic Heartbeat Signal (Digital 1): The basic signal aimed to 
replicate the fundamental S1 (lub) and S2 (dub) sounds of a heart-
beat, as shown in Fig. 3a. This simple design focused on ensuring 
that the key elements of a heartbeat were clearly identifiable while 
staying as close as possible to the conditions highlighted by Hassan 
et al. [43]. 

Enhanced Heartbeat Signal (Digital 2): The enhanced signal 
incorporated the S1 and S2 sounds, along with the tail, as shown 
in Fig. 3b. This additional component was included to make the 
heartbeat simulation feel more realistic, offering a more lifelike 
heartbeat sensation. 

4.2 Signal Modulation 
Once the heartbeat signal was established, we modulated it with 
low-frequencies at 78, 100, 150, and 200 Hz. The frequencies of 78 
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Time (s) 

(a) Basic heartbeat signal 60 BPM 

0 1 2 3 4

Time (s) 

(b) Enhanced heartbeat signal 60 BPM 

0 1 2 3 4 

Time (s) 

(c) Real audio 60 BPM 

(d) Basic heartbeat, 78Hz modulated (e) Enhanced heartbeat, 78Hz modulated (f) Real audio 60 BPM 

Figure 3: The digital and real heartbeat signals used in Experiment 1. Subfigures (a)–(c) show the three signals at 60 beats per 
minute (BPM). Subfigures (d)–(f) show close-up views of the signals, (digitally) modulated at 78 Hz, to visualize the modulation 
frequency. 

and 100 Hz were selected based on previous work by Hassan et al. 
[43], which identified these low frequencies as particularly effective 
in producing emergent properties, such as the perception of internal 
sensations. To explore the effects of different frequency ranges, we 
added two more frequencies: 150 Hz from the midrange and 200 
Hz from the high range to observe how these variations impacted 
the perceived sensations. The basic and enhanced heartbeat signals 
modulated at 78 Hz are shown in Figs. 3d and 3e, respectively. 

4.3 Heartbeat Sensation Delivery 
Once the signals were modulated with the selected frequencies, we 
used the pressure distributions obtained from the FEA simulations 
in Section 3.3 to predict where in the room the sensations would 
have the highest pressure. 

We calculated the locations of high pressure based on the height 
of each participant. Participants were instructed to stand in precise 
positions dictated by the FEA simulations. For each of the selected 
frequencies—78, 100, 150, and 200 Hz—we identified the locations 
in the room with the highest pressure at chest level. These loca-
tions varied across participants due to differences in standing wave 
patterns for each frequency and individual participant heights. 

5 Experiment 1: Inducing Heartbeat Sensations 
In this experiment, we aimed to evaluate the effectiveness of Heart-
beat Resonance in inducing perceivable heartbeat sensations. We 
assessed the impact of two digital heartbeat signals alongside a real 
heartbeat sound. The real heartbeat sound was used as a baseline 
comparison, consistent with the literature for haptic biofeedback 
[21]. The findings from this experiment would guide the selection 
of the most effective signal for subsequent experiments. 

5.1 Participants 
A total of 14 participants (self-reported gender, eight female and 
six male) were recruited for the experiment. They reported no 

disabilities that would affect their participation, and their ages 
ranged from 24 to 29 years (M = 25.71 years old, SD = 1.48). Their 
height ranged from 158cm to 191cm (M = 171.91 cm, SD = 9.39 
cm). All participants were screened to ensure they had no known 
cardiovascular or auditory impairments. Informed consent was 
obtained from each participant. Participants were made aware of 
their right to withdraw from the study at any point. Participants 
were compensated €27 ($30) for their participation. The experiment 
was approved by the Institutional Review Board. 

5.2 Experiment Design 
This experiment had two independent variables: heartbeat signal 
type and modulation frequency of the signal. The dependent vari-
ables were the perceived realism of the heartbeat sensations, per-
ceived intensity, the on-body location of the sensations, and the 
sensation type. We used a within-subjects design for the experi-
ment, where each participant experienced all combinations of the 
heartbeat signal types and modulation frequencies. The heartbeat 
signals were played at a steady rate of 70 bpm, reflecting a typical 
resting heart rate. The details of the variables are in the following 
subsection. 

5.2.1 Independent Variables. 

(1). Heartbeat Signal Type had three levels: Basic heartbeat signal 
(Fig. 3a), enhanced heartbeat signal (Fig. 3b), and real heartbeat 
sound signal (Fig. 3c). 

(2). Modulation Frequency had four levels: 78.05, 100.09, 156.1, 
and 200.18 Hz 

5.2.2 Dependent Variables. 

(1) Perceived Realism: Participants rated the realism of the heart-
beat sensations on a semantic differential scale from 1 (not realistic) 
to 5 (very realistic). This variable assessed how authentic the par-
ticipants perceived the induced heartbeat sensations to be. 



Heartbeat Resonance: Inducing Non-contact Heartbeat Sensations in the Chest CHI ’25, April 26–May 01, 2025, Yokohama, Japan 

(2) Perceived Intensity: Participants rated the intensity of the 
heartbeat sensation on a semantic differential scale from 1 (not 
perceivable) to 5 (very strong). This variable measured the strength 
of the perceived sensation. 

(3) On Body Location: Participants indicated the location of the 
sensation on a body silhouette, specifying where on their body they 
felt the sensation. The torso was divided into 16 segments, with 
the entire silhouette containing 28 segments, as shown in Fig. 6b. 
The torso had more segments since it was expected to receive a 
high majority of the sensations and we wanted to differentiate their 
impact. 

(4) Sensation Type: Participants were asked (in the form of a 
questionnaire) whether the sensation was felt inside the body, on 
the surface, both inside and surface, or neither inside nor surface. 

Each participant experienced 18 conditions (2 digital signals × 
4 frequencies, plus one real heartbeat signal, each repeated twice). 
The presentation order of the 9 unique conditions was counter-
balanced using Latin squares, while sequences across participants 
were randomized to control for order effects. 

The hypotheses for the experiment were as follows: 
- Hypothesis 1: There is a significant difference between 
digital signals (Basic, Enhanced) and the real signal in terms 
of the dependent variables. 

- Hypothesis 2 (Modulation Frequency Effect): The modu-
lation frequency of the digital signals has a significant effect 
on the dependent variables when compared to the real heart-
beat signal. 

- Hypothesis 3 (Signal Type Effect): The type of heartbeat 
signal (Basic or Enhanced) has a significant effect on the 
dependent variables when compared to the real heartbeat 
signal. 

5.3 Procedure 
The experimental conditions were explained to the participants 
before the experiment. After understanding the procedure, they 
signed a consent form and filled out the demographics form. 

Participants stood in a quiet, controlled environment where the 
digital and real heartbeat signals were delivered to their chest area. 
The procedure began with an initial practice period where partic-
ipants experienced all the signals before the experiment started. 
Each signal was played for 7 seconds across four different frequency 
settings. After each condition, participants completed a question-
naire to rate the realism and intensity of the heartbeat sensations 
and to indicate where they felt the sensations on the body silhou-
ette, as well as the type of sensation experienced. Each trial lasted 
approximately 1 minute, including time for rating and recording 
responses. The total session time was approximately 25 minutes 
per participant. 

5.4 Data Analysis and Results 
The analysis compared each signal’s perceived realism and intensity 
with the real signal (H1). It was anticipated that the enhanced 
heartbeat signal (H3) and 78.05 Hz modulation (H2) would be rated 
highest in realism, as it faithfully mimics a real heartbeat and is 

modulated with the frequency that would induce sensations in the 
chest area. The real heartbeat signal was used as a baseline to assess 
the impact of the digital signals. The digital signals were expected 
to perform better than the real heartbeat since they were optimized 
to deliver sensations inside the chest cavity (H1). 

Perceived Realism: The mean realism scores in Fig. 4a (and 
Appendix B.1) indicate that both the digital heartbeat signals mod-
ulated at 78.05 Hz were rated highest in realism. This suggests that 
the modulation technique used at this frequency effectively mimics 
the natural sensation of a heartbeat, making it feel more realistic 
than the actual physiological sound. In contrast, the realism scores 
tended to decrease as the modulation frequency increased. This is 
in line with the literature [43], which reported that the lower fre-
quencies are perceived inside the body, resulting in a more realistic 
heartbeat sensation. 

A Friedman test revealed no significant differences when com-
paring each of the eight digital conditions to the Real signal (H1). 
We combined the Basic and Enhanced Heartbeat signals, treating 
them as instances of a broader category of digital signals. This 
allowed us to assess whether modulation frequency had any ef-
fect on perceived realism (H2) compared to the real signal. Results 
showed a significant effect of modulation frequency on realism rat-
ings (𝜒 2 (3) = 8.22, 𝑝 < 0.05), supporting H2. Pairwise comparisons 
of frequencies using Wilcoxon signed-rank tests revealed that the 
78 Hz modulation frequency was significantly different from the 
Real signal (𝑧 = 2.16, 𝑝 < 0.05), as shown in Fig. 5a (and Appendix 
B.2). This suggests that the specific modulation frequency of 78 Hz 
contributes to perceived differences. 

Additionally, we combined the frequency levels to determine if 
signal type (Basic vs. Enhanced) had a significant effect across all 
conditions (H3). A Friedman test revealed no significant effect of 
signal type (𝜒 2 (1) = 1.06, 𝑝 > 0.05). 

Perceived Intensity: The intensity of the perceived heartbeat 
sensations was highest at the 200 Hz modulation frequency for both 
digital signals followed closely by the 78 Hz modulation frequency 
(200 and 78 Hz are equal for the Enhanced heartbeat signal), as 
shown in Fig. 4b (and Appendix B.1). The higher frequencies in-
herently carry more energy, which manifested in higher intensity 
in our results. Interestingly, realism and intensity have an inverse 
relationship; while lower frequencies were perceived as more real-
istic, higher frequencies resulted in more intense sensations (except 
for 78 Hz). The real heartbeat sound, while moderately intense, did 
not achieve the same level of perceived intensity as the 78.05 or 200 
Hz modulated digital signals. 

Pairwise comparisons using Wilcoxon signed-rank tests were 
conducted to assess differences between the real signal and each 
experimental condition (H1). The test showed statistically signif-
icant differences between the real signal and both digital signals 
modulated at 78.05 Hz and 200 Hz (𝑝 < 0.05), shown in Fig. 4b. 

In addition, we assessed the overall effect of modulation fre-
quency (H2) and signal type (H3) on intensity ratings, similar 
to perceived realism. A Friedman test revealed a significant ef-
fect of modulation frequency on intensity ratings (𝜒 2 (3) = 13.66, 
𝑝 < 0.01), supporting H2. Post-hoc Wilcoxon signed-rank tests 
showed significant differences between the Real signal and modu-
lation frequencies at 78 Hz (𝑝 < 0.01), 156 Hz (𝑝 < 0.01), and 200 
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(a) The figure shows the mean realism scores for the two digital 
signals under different modulation frequencies, and the real 
signal. Realism was highest for 78 Hz modulation frequency for 
both digital signals. Full data are in Appendix B.1. 
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(b) The figure shows the mean intensity ratings for the two digi-
tal signals under different modulation frequencies and the real 
signal. Intensity was highest at 200 Hz modulation frequency 
for both digital signals. Full data are in Appendix B.1. 

Figure 4: The mean realism and intensity scores reported by participants in experiment 1. Error bars show the standard 
deviation. The asterisk (*) shows p<0.05. 

* 

Real 78Hz 100Hz 156Hz 200Hz 

0 

1 

2 

3 

4 

5 

M
e

a
n

 R
e

a
li

s
m

 

(a) The figure shows mean realism scores for different modu-
lation frequencies. The 78 Hz modulation frequency shows a 
significant difference from the real signal. Values are provided 
in Appendix B.2. 
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(b) The figure shows mean intensity scores for different modula-
tion frequencies. The 78, 156, and 200 Hz modulation frequencies 
showed significant differences from the real signal. Values are 
provided in Appendix B.2. 

Figure 5: The mean realism and intensity scores showing the effect of modulation frequency. Error bars show the standard 
deviation. The single asterisk (*) shows 𝑝 < 0.05, and the double asterisk (**) shows 𝑝 < 0.01. 

Hz (𝑝 < 0.01), as shown in Fig. 5b (and Appendix B.2). However, 
there was no significant effect of signal type (𝑝 > 0.05), failing to 
accept H3. 

The results indicate that modulation frequency significantly af-
fects both the perceived realism and intensity of the heartbeat 
sensations. These findings suggest that lower frequencies (such as 

78.05 Hz) are more suitable for applications where a realistic heart-
beat sensation is desired, such as in biofeedback and entrainment 
systems. On the other hand, higher frequencies (such as 200 Hz) are 
better suited for applications that require more intense feedback, 
like immersive virtual reality systems. 
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(a) (b) 

Figure 6: (a) This figure presents a series of silhouette heat maps that visualize the frequency and location of sensations reported 
by participants across different experimental conditions. Each silhouette represents a different condition: the two digital signals 
modulated with four different frequencies and a real signal. The color bar on the right provides a scale from 0 (no sensation) to 
1 (maximum sensation frequency). Each silhouette is normalized independently to furnish a fair comparison. (b) The rightmost 
silhouette shows the division of body parts based on which participants selected appropriate body locations of sensations. 

On Body Location: The heatmaps in Fig. 6a reveal that sensa-
tions are most frequently and intensely felt in the central torso, 
particularly the chest area, across nearly all the modulated condi-
tions. This consistent pattern suggests that the system effectively 
targets the chest, which is crucial for simulating heartbeat sensa-
tions. However, there is variation in how different conditions affect 
other body parts. For example, while the chest remains the primary 
site of sensation, the digital signals at 200 Hz and the real condition 
produced a more varied sensation pattern, with participants report-
ing sensations in the head, chest, and lower legs. This variation in 
sensation distribution indicates that different frequencies influence 
how and where sensations are felt on the body. Figure 6 suggests 
that lower frequencies tend to induce more localized sensations, 
especially in the chest, while higher frequencies may lead to more 
widespread sensations. 

Sensation Type: The heatmaps in Fig. 7 reveal that sensations 
were most frequently reported as felt inside the body, particularly 
for conditions using the 78 Hz modulation frequency, with a sig-
nificant number also reporting feeling sensations both inside and 
on the surface. Conversely, very few participants reported feeling 
the sensation only on the surface or not at all. In contrast, the real 
heartbeat signal was more often perceived on the surface rather 
than inside. 

Based on the findings from Experiment 1 (Inducing Heartbeat 
Sensations), we selected the 78.05 Hz modulation frequency and the 
enhanced heartbeat signal for the next experiment, as it produced 
the most realistic and internally perceived sensations. 

6 Experiment 2: Perceived Heart Rate 
Entrainment 

In this experiment, we assessed the participants’ ability to per-
ceive external heartbeat signals through perceived entrainment. 
Perceived entrainment in this context refers to participants’ subjec-
tive experience of their heartbeats synchronizing with the delivered 
heartbeat sensations (distinct from physiological synchronization, 

which is referred to as entrainment). This distinction aligns with 
research on judged coordination, which shows that people’s subjec-
tive impressions of being in sync (or entrainment) can differ from 
actual, measurable coordination [12]. We explored two aspects of 
participants’ responses: their perception of heart rate changes and 
their confidence in those perceptions. 

6.1 Participants 
A total of 20 participants (self-reported gender, 10 female and 10 
male) were recruited for the experiment. They reported no impair-
ments that would affect their participation. Their ages ranged from 
20 to 28 years (M = 24.56 years old, SD = 2.09). Their height ranged 
from 160 cm to 187 cm (M = 171.9 cm, SD = 7.27 cm). The sample 
size for the user study was estimated using power analysis. The 
standard deviation and expected significant difference were iden-
tified as 2.67 and 4 bmp [41], whereas the power and significance 
level were set at 0.9 and 0.05, respectively. All participants pro-
vided informed consent. Participants were informed of their right 
to withdraw from the study at any time. They were compensated 
€40 ($45) for their participation. The experiment was approved by 
the Institutional Review Board. 

6.2 Experiment Design 
The stimuli used in this experiment were based on the enhanced 
heartbeat signal from Experiment 1, modulated at 78.05 Hz. The 
signal was varied to simulate different heart rates (BPM). Rather 
than applying a fixed BPM across all participants, we adjusted 
the heart rate relative to each participant’s baseline. The BPM 
started at the baseline and linearly increased or decreased to a fixed 
percentage. This approach, supported by existing literature [20, 25], 
provides a more tailored and adaptable experience. 

6.2.1 Independent Variables. This study had two independent vari-
ables: the delivery mechanism and BPM variation. 

1) Delivery Mechanism. This variable had two levels: 
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Figure 7: The figure visualizes the frequency of where participants perceived sensations; the options were ‘inside the body’, 
‘on the surface’, ‘both inside and on the surface’, and ‘neither inside nor on the surface’. The darker shades indicate higher 
frequencies of responses. 

- Heartbeat Resonance: The digital heartbeat signals were de-
livered via low-frequency sound waves targeting the chest 
cavity. 

- Vibrotactile Feedback: In this condition, the heartbeat sensa-
tions were delivered through a vibrotactile motor (VP216, 
Acouve Lab) attached to the participant’s right wrist, simu-
lating a heartbeat through direct vibrations. This allowed us 
to compare the effect of non-contact haptic feedback with 
the typically used vibrotactile feedback [102]. 

2) BPM Variation: This variable had two levels, which in turn 
had two levels for each: 

- Heart Rate Increase: We used two levels of increased heart 
rates from baseline: +15% and +30% [20, 25]. These levels 
were chosen to simulate moderate increases in heart rate to 
simulate excitement [54]. 

- Heart Rate Decrease: We used two levels of decreased heart 
rates from baseline: -15% and -30% [20, 25]. These levels were 
chosen to simulate relaxation or biofeedback interventions 
[41, 82]. 

6.2.2 Dependent Variables. This study had two dependent vari-
ables: perceived heart rate change and confidence in perception. 

1) Perceived Heart Rate Change: “Did you feel that your heart 
rate increased, decreased, or stayed the same during the trial?” This 
variable assessed their ability to detect the perceived changes in 
their heart rate in response to the entrainment signal. 

2) Confidence in Perception: “How confident are you in your 
assessment of the heart rate change?” (Rated on a scale from 1 
= not confident to 5 = very confident). This variable measured 
how confident the participants were about the assessment of the 
perceived changes in their heart rate. 

The experiment employed a within-subjects design. There were 
a total of 8 conditions per participant, that is 2 delivery mecha-
nisms and 4 bpm variations (2×4). The presentation order of the 

8 conditions was counterbalanced using Latin squares, while se-
quences across participants were randomized to control for order 
effects. A Polar H10 heart rate belt was used to continuously mon-
itor participants’ actual heart rates in real-time, with Bluetooth 
communication for data logging. The experimental conditions are 
provided in Fig. 2 

6.3 Procedure 
Before the start of the experiment, the participants were briefed 
about the experimental procedure (both verbally and with instruc-
tions on paper). They signed a written consent form to participate 
in the experiment and provided demographics. 

For the experiment, participants stood in a quiet, controlled 
environment with minimal distractions. They wore headphones 
and were placed at the location associated with high pressure for 
the 78 Hz modulation frequency (they stood in the same location for 
vibrotactile feedback as well). The role of headphones was two-fold. 
During Heartbeat Resonance, the headphones were used to block 
audible sound from the subwoofer, however, some feedback from 
the subwoofer was audible despite the headphones. To introduce 
the same level of audible feedback, the headphones played heartbeat 
sounds during the vibrotactile feedback (the same sound as the one 
delivered through the wrist in that trial) to ensure a fair comparison. 

Both the delivery mechanisms used the signals described in 
Section 6.2 to deliver feedback. The wrist-worn vibrotactile motor 
was not removed for the Heartbeat Resonance trials to ensure against 
confounding effects. The Polar H10 heart rate belt was securely 
attached to monitor their heart rate throughout the experiment. 
The stepwise procedure for the experiment is presented in Fig. 8, 
and detailed as follows: 

(1) Initial Baseline Period: Participants sat quietly for 3 min-
utes without any stimulation to allow their heart rates to 
stabilize. After this, their baseline heart rate was recorded 
for 1.5 minutes to ensure that the initial reading reflected a 
true resting state. The baseline was recorded standing up as 
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Figure 8: Procedure flowchart for Experiment 2 (Perceived Heart Rate Entrainment). The experiment begins with a 3-minute 
rest period, followed by a 1.5-minute baseline heart rate (HR) measurement. The core experimental phase is repeated 8 times, 
consisting of 4 non-contact and 4 contact feedback sessions. Each session includes 1 minute of feedback, 0.5 minutes for 
answering the questionnaire, and a 3-minute rest period. HR was measured continuously throughout the experiment. 

the other conditions (Heartbeat Resonance and Vibrotactile 
feedback) were also conducted standing up. 

(2) Trial Structure: 
- Each trial began with the delivery of the enhanced heart-
beat signals, lasting for 1 minute. The participants were 
standing up when they received the feedback for both 
delivery mechanisms. 

- Following the stimulation, participants were asked to rate 
(1) the perceived change in their heart rate, and (2) how 
confident they were in their rating of perceived heart rate 
change. They answered on a tablet computer. 

- Participants then rested (sat down on a chair) for 3 minutes 
between trials to allow their heart rate to return to baseline 
levels. 

(3) Total Session Time: Each trial consisted of a 1-minute 
stimulation, a brief rating period, and a 3-minute rest period. 
Including the initial baseline period, the total time for the 
experiment was approximately 1 hour per participant (8 
conditions × 5 minutes per condition + 10 minutes for initial 
baseline and ratings + 10 minutes for other overshoots). 

Participants’ heart rates were monitored continuously to ensure 
that the initial reading was the true baseline and that any fluctua-
tions during the initial baseline period were noted. If participants’ 
heart rates did not stabilize within the first 3 minutes, additional 
time was allowed before proceeding to the first trial. Additionally, 
rest periods between trials were monitored to ensure participants’ 
heart rates returned to baseline before starting the next condition. 
If necessary, the rest periods were extended to achieve this. 

6.4 Analysis and Results 
Perceived Heart Rate Changes. Participants’ subjective percep-

tions of heart rate changes were recorded for Heartbeat Resonance 
(Fig. 9a) and vibrotactile conditions (Fig. 9b). The best results were 

for the Heartbeat Resonance at +15% BPM, with 65% of participants 
reporting an increase in heart rate, matching the intended BPM 
increase. Similarly, Heartbeat Resonance at -30% had 50% partic-
ipants selecting a decrease in perceived heart rate. By contrast, 
the vibrotactile conditions showed more varied responses. In the 
negative vibrotactile conditions (-15% and -30%), responses were 
randomly distributed across categories. In the positive vibrotactile 
conditions (+15% and +30%), around half perceived the intended 
increase, but a significant portion reported no change. While both 
delivery mechanisms performed well on the positive side (i.e., with 
BPM increases), Heartbeat Resonance had a clear advantage on the 
negative side. 

For further analysis, the conditions were divided into two cate-
gories: positive conditions (involving increased heart rates) and neg-
ative conditions (involving decreased heart rates). The frequency of 
each perception response (increase, decrease, same) was calculated 
for each category. 

A Chi-square test revealed a statistically significant difference, 
2𝜒  (1, 𝑁 = 160) = 16.94, 𝑝 < 0.01 between the positive and neg-

ative conditions (combined for both delivery mechanisms). It in-
dicated that participants were more likely to perceive changes in 
their heart rate in a manner consistent with the direction of the 
induced changes. In contrast, there was no significant difference be-
tween delivery mechanisms (Heartbeat Resonance vs. Vibrotactile), 
2𝜒  (1, 𝑁 = 160) = 1.85, 𝑝 = 0.3961. 

Confidence Ratings. The confidence ratings were averaged 
for each condition. The results of the Friedman test indicated no 
significant differences in confidence levels across the conditions, 
2𝜒  (7, 𝑁 = 18) = 11.89, 𝑝 = 0.1042. This suggests that neither 

the type of feedback (Heartbeat Resonance or Vibrotactile) nor the 
magnitude of BPM variations significantly impacted participants’ 
confidence in their perceptions. 
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Figure 9: Distribution of perceived heart rate changes across experimental conditions. 

To visualize the differences between conditions, we combined 
the low confidence (1-2) and high confidence (4-5) ratings (exclud-
ing the neutral rating of 3). Figure 10 shows the distribution of 
confidence ratings in perceived change in the heart rate of partici-
pants. Overall, participants showed higher confidence in Heartbeat 
Resonance, particularly for the +15% bpm increase and -30% bpm 
decrease conditions, as shown in Fig. 10a. 

Perception With High Confidence. Figure 11 shows the per-
centage of correct responses categorized by confidence level for 
the Heartbeat Resonance and Vibrotactile conditions. The raw data 
for correct and incorrect responses is provided in Appendix C.1. 
However, we relaxed the conditions for counting the incorrect re-
sponses. We removed the responses where participants reported 
“no change” in heart rate (data in Appendix C.2). Including these 
responses could introduce ambiguity, as they may indicate indeci-
sion. Hence, the total count was the one where they either reported 
an increase or decrease in heart rate with high or low confidence 
(excluding neutral confidence ratings). 

For the Heartbeat Resonance condition, the +15% BPM variation 
exhibited the highest percentage of correct responses, with 66.7% 
reporting high confidence and an additional 25% reporting low 
confidence. For the -30% and -15% BPM variations, correct responses 
with high confidence were 38.5% and 25%, respectively, while the 
+30% BPM variation showed 57.1% correct responses with high 
confidence. In the Vibrotactile condition, all the BPM variations 
showed around 30% of correct responses with high confidence. 
Whereas the +15% and +30% BPM variation showed an additional 
50% and 43% of correct responses with low confidence. 

Overall, the Heartbeat Resonance conditions (see Fig. 11a) show 
a higher rate of correct responses compared to the Vibrotactile con-
ditions (see Fig. 11b). However, in both conditions, the proportions 
of correct responses at most modulation levels were close or below 
chance, indicating that participants may not have been confidently 

accurate across all conditions. The inclusion of low confidence ac-
curate response placed most conditions at a better-than-chance 
level. 

Heart Rate Data. The RR interval data recorded during expo-
sure to the feedback was used to calculate the heart rate and Heart 
Rate Variability (HRV). Heart rate was calculated using HR (bpm) 
= 60000 

RR interval (ms) , while HRV (RMSSD) was calculated as the differ-

ence between RR intervals (RMSSD = 
√︃ 

1 
𝑛−1 

𝑛−1 
𝑖=1 (𝑅𝑅𝑖+1 − 𝑅𝑅𝑖 )2), 

where RMSSD is the Root Mean Square of Successive Differences, 
𝑛 is the number of RR intervals, and 𝑅𝑅𝑖 is the 𝑖 -th RR interval. 
To measure the effect of feedback on participants, we investigated 
the deviations in heart rate after exposure. The deviations were 
calculated by comparing the mean heart rate during the feedback 
duration to the mean heart rate of the resting condition. The mean 
deviations in heart rate are shown in Fig. 12a and detailed in Ap-
pendix C.3. RMSSD was used to assess short-term changes in heart 
rate, reflecting the body’s ability to regulate heart function through 
relaxation and recovery. The RMSSD values are presented in Fig. 
12b and detailed in Appendix C.4. A paired t-test revealed that the 
Heartbeat Resonance at +15% BPM variation was significantly dif-
ferent from the baseline resting (𝑝 < 0.05) for heart rate deviations. 

7 Discussion 
In this study, we demonstrated the effectiveness of Heartbeat Reso-
nance in mimicking heartbeat sensations in the chest and facilitating 
entrainment. The results showed that a modulation frequency of 
78.05 Hz produced the most realistic heartbeat sensations (Fig. 4a), 
while 200.18 Hz produced the most intense sensations (Fig. 4b). 
These sensations were experienced inside the chest cavity (Fig. 7), 
particularly on the left side (Fig. 6). Heartbeat Resonance induced 
the perception of heart rate modulation, as reflected by participants’ 
reported perceived changes and confidence levels (see Figs. 9, 10), 
and in the +15% BPM variation, this was accompanied by significant 
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Figure 10: The figure illustrates the distribution of participants’ confidence ratings, grouped into low confidence (ratings 1-2) 
and high confidence (ratings 4-5). Neutral responses of 3 are excluded, so the numbers do not sum up to 20 (the number of 
participants). 
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Figure 11: Percentage of correct responses categorized by confidence level for BPM modulation levels in (a) Heartbeat Resonance 
and (b) Vibrotactile conditions. The bars represent the proportion of correct responses that were given with high confidence 
(dark blue) and low confidence (light blue). Data is presented as percentages to account for variations in the total count of 
responses, which differ due to the exclusion of neutral confidence ratings and “no change” perception responses. The values 
for these figures and incorrect responses are provided in Appendix C.2. 

physiological changes. This demonstrates that Heartbeat Resonance 
induced both perceived and, in one case, physiological entrainment. 

7.1 Most Suitable Theory for Heartbeat 
Resonance 

We look to the theories discussed in Section 2.4 to explain the un-
derlying mechanism for Heartbeat Resonance. The effectiveness of 
these theories is closely linked to the duration and consistency 

of exposure to biofeedback. The Baroreceptor Reflex can respond 
almost immediately to simulated changes in heart rate, leading to 
quick adjustments in cardiovascular function [24]. In contrast, the 
Psychophysiological Principle and Operant Conditioning require re-
peated exposure over time to develop strong connections between 
physiological signals and psychological states [86], or to reinforce 
learned behaviors [72], respectively. The Vagal Afferent Pathways 
similarly benefit from prolonged exposure [90], as consistent en-
hancement of vagal tone is necessary for lasting improvements in 
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(a) Box plot showing the deviation in heart rate (bpm) across the 
eight experimental conditions from the baseline condition (rest-
ing). The asterisk (*) indicates a significant (𝑝 < 0.05). Detailed 
data are provided in Appendix C.3. 
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(b) Box plot displaying the RMSSD (Root Mean Square of Succes-
sive Differences) —time-domain measure of HRV—values across 
the eight experimental conditions and baseline resting. Detailed 
data are provided in Appendix C.4. 

Figure 12: (a) The heart rate and (b) heart rate variability data recorded during exposure to the experimental conditions. 

autonomic regulation. Lastly, Resonance Frequency Feedback can 
yield immediate benefits during each session, but sustained prac-
tice is required for long-term improvements in HRV and overall 
autonomic balance [57]. 

Given the specific approach of Heartbeat Resonance, the most 
applicable theories are the Baroreceptor Reflex and Vagal Afferent 
Pathways. The Baroreceptor Reflex is significant as our system di-
rectly influences the perceived heartbeat, which can trigger this 
reflex to regulate the user’s actual heart rate. Although physio-
logical changes were rarely observed, the participants’ perception 
of slower or faster heart rates might have influenced this reflex. 
The Vagal Afferent Pathways are also relevant. Heartbeat Resonance 
mimics heartbeats inside the chest which may engage these path-
ways, helping users experience a greater sense of bodily regulation. 
However, this theory only explains that HRB increases vagal tone, 
without addressing how varying the delivered heartbeat sensations 
(increasing or decreasing) affects outcomes. Among these two, the 
Baroreceptor Reflex likely serves as the primary underlying mecha-
nism due to its effectiveness over short periods. However, the role 
of other theories cannot be entirely discounted without further 
research. 

7.2 Comparison to Existing Methods 
Compared to traditional biofeedback methods, such as wearable 
vibrotactile devices [61], visual [3], or auditory cues [59], Heartbeat 
Resonance offers an advantage in terms of user comfort and realism. 
Wearable devices often require direct physical contact, which can be 
cumbersome or uncomfortable for extended use. Additionally, they 
often provide feedback in ways that may not feel directly linked 
to the bodily signal they are meant to simulate, such as delivering 
vibrations to the finger [98], palm [105], or wrist [14] to represent 
heartbeats. In contrast, Heartbeat Resonance generates heartbeat 

sensations directly in the chest, where users expect to feel their 
heart rate, resulting in a more natural and immersive experience. 

However, it is important to note that Heartbeat Resonance is 
restricted to indoor environments due to the need for an acoustically 
sealed environment and precise positioning. In contrast, wearable 
vibrotactile devices can be used in any setting, providing greater 
flexibility for users to receive feedback while on the move or in 
diverse environments. This portability makes wearable devices 
more suitable for scenarios where mobility is a key factor. 

In Experiment 2 (Perceived Heart Rate Entrainment), we di-
rectly compared the non-contact heartbeat sensations generated 
by Heartbeat Resonance with traditional vibrotactile heartbeat feed-
back delivered through vibrations on the wrist. Figure 9 shows that 
both methods had comparable results, with Heartbeat Resonance 
slightly outperforming vibrotactile feedback in certain conditions. 
While vibrotactile feedback was effective, especially in conveying 
increases in heart rate, Heartbeat Resonance provided a more consis-
tent experience overall, particularly when conveying both increases 
and decreases in heart rate. Participants were also more confident 
in perceiving their biosignals when Heartbeat Resonance was used 
for feedback. 

7.3 Optimal Parameters for Heartbeat 
Resonance 

The results of our experiments help us to determine the most effec-
tive conditions for delivering realistic heart rate biofeedback using 
Heartbeat Resonance. Specifically, we investigate which modulation 
frequencies and signal types provided the most accurate and believ-
able heart rate sensations, comparing both non-contact (Heartbeat 
Resonance) and vibrotactile methods. 

In Experiment 1 (Inducing Heartbeat Sensations), the 78 Hz mod-
ulation frequency demonstrated significantly better realism than 
the real heartbeat signal (Fig. 5a), while the intensity ratings for 
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78 Hz, 156 Hz, and 200 Hz were all significantly higher than the 
real signal (Fig. 5b). However, 78 Hz was particularly effective for 
localizing sensations to the chest area (Fig. 6), making it the most 
natural for simulating heartbeats. Additionally, the enhanced heart-
beat signal, which included more detailed heartbeat components, 
was perceived inside the body (or both inside and on the surface) 
most frequently (Fig. 7). These results led us to choose the Enhanced 
Heartbeat Signal at 78 Hz for Experiment 2 (Perceived Heart Rate 
Entrainment). 

In Experiment 2, we noticed that Heartbeat Resonance with +15% 
BPM increase consistently outperformed Heartbeat Resonance with 
+30% BPM increase, indicating that the +30% increase was perceived 
as too extreme, while the +15% increase facilitated entrainment and 
felt more natural. For decreasing heart rates, Heartbeat Resonance 
-30% decrease proved more effective than Heartbeat Resonance -15% 
decrease, indicating that participants required a larger reduction 
to perceive entrainment of a heart rate decrease. The participants 
also showed the most confidence in their perception of heart rate 
changes under the Heartbeat Resonance +15% increase and Heart-
beat Resonance -30% decrease conditions. In summary, we can use 
the enhanced heartbeat signal modulated at 78 Hz with a linearly 
increasing BPM up to +15 % of the current heart rate to induce a 
perception of an increasing heart rate —facilitating entrainment to 
exhibit excitement. Similarly, the enhanced heartbeat signal modu-
lated at 78 Hz with a linearly decreasing BPM up to -30 % below 
the current heart rate induces a perception of decreasing heart rate, 
supporting entrainment to exhibit calm. 

7.4 Benefits of Inducing Heartbeat Sensations 
Inside the Chest Cavity 

Inducing heartbeat sensations directly within the chest cavity pro-
motes entrainment and may help enhance interoceptive ability by 
providing natural feedback sensations. According to the theory of 
predictive coding [4], the brain forms internal models based on past 
experiences to interpret incoming sensory information. In the con-
text of heart rate perception, Heartbeat Resonance can help people 
with lower interoceptive ability by providing an external, consistent 
heartbeat signal that they can use to develop an internal sensory 
model. For people who are familiar with how their heart feels as it 
beats (high interoceptive ability), this feedback can further support 
entrainment and improve synchronization with internal signals 
[63, 99]. 

In general, when feedback feels authentic and aligns with how 
the body usually experiences internal signals, it becomes easier for 
users to interpret and engage with the information. This principle is 
well documented in the rubber hand illusion [17]. The authenticity 
of the illusion increases as the realism of the rubber hands increases 
[62]. Heartbeat Resonance follows the same principle by simulating 
heartbeats in the chest, the natural location where these sensations 
are expected to occur. This aligns both the location and feel of 
the heartbeats with the body’s natural sensations. This deeper 
alignment can potentially help users identify and process their 
heartbeat signals, leading to a better sensory model of heartbeats. 

7.5 Applications 
Heartbeat Resonance offers various practical uses. Its non-contact 
design makes it comfortable to use, providing biofeedback without 
the need for wearable devices. The system could be adapted for 
virtual reality, where it could increase the realism and emotional 
engagement of VR environments. By integrating simulated heart 
rate feedback into VR training for athletes, users could have a 
more immersive and interactive experience. The system could be 
expanded to simulate other bodily signals, like breathing, to increase 
its effectiveness in a variety of biofeedback scenarios. 

Another potential application for Heartbeat Resonance is using 
heartbeats to convey the state of objects, such as electronics, con-
sumables, or degradable materials. The heartbeats could increase or 
decrease depending on the object’s condition, helping users become 
more aware of environmental or practical concerns. For example, 
the “heartbeat” of a device could indicate when it’s running low 
on power or approaching failure, creating a more intuitive way to 
monitor its status. 

Similarly, conveying the heartbeats of other people through the 
system could foster empathy, by allowing individuals to feel one 
another’s physiological state [67, 98]. This could be a unique way to 
build a sense of connection and emotional understanding in various 
social or collaborative settings. 

7.6 Limitations and Future Work 
Limitations: While Heartbeat Resonance demonstrated promising 

results, several limitations need to be addressed. First, the effects 
were only tested within a specific room. A more robust evaluation 
would have been to showcase Heartbeat Resonance in more than 
one room. However, that would have been outside the scope of 
the current project. We plan to evaluate the whole system in new 
environments in future projects. Second, the room used in our 
current setup was empty which is not a true reflection of the real 
world. The simulation code provided in the supplementary material 
can account for objects in the room (Appendix A.2), specifically 
large immovable objects. Introducing objects would change the 
pressure distribution of the standing waves, but the standing waves 
would exist nevertheless (albeit at a lower pressure or with some 
noise). In the current system, we kept the room empty to ensure 
robust standing waves. Additionally, the feedback was tested only 
for short durations. Although these brief exposures were sufficient 
to influence perception, they rarely induced measurable changes 
in heart rate. This limitation prevents us from fully assessing the 
physiological impact of the feedback in its current form. 

Future Work: To address these limitations, future studies will 
explore the effects of longer exposure times, such as 3 to 5 minutes, 
to observe whether sustained feedback can lead to more substan-
tial physiological responses. Furthermore, we plan to conduct lon-
gitudinal studies to evaluate the long-term benefits of Heartbeat 
Resonance, particularly in enhancing emotional regulation and inte-
roceptive awareness. Another key area for exploration is whether 
it can improve interoceptive accuracy by helping individuals bet-
ter recognize and respond to their internal bodily signals. Testing 
Heartbeat Resonance’s effectiveness in these areas will provide a 
more comprehensive understanding of its potential applications 
and impact. 
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8 Conclusion 
In this study, we presented Heartbeat Resonance, a non-contact feed-
back system that delivers heartbeat sensations directly inside the 
chest cavity. By utilizing low-frequency acoustic feedback, it deliv-
ers sensations without the need for physical wearables. Through 
the experiments, we demonstrated that Heartbeat Resonance effec-
tively enhances users’ perception of heartbeats. In Experiment 1 
(Inducing Heartbeat Sensations), we found that the 78 Hz modula-
tion frequency provided the most realistic and localized sensations 
in the chest. In Experiment 2 (Perceived Heart Rate Entrainment), 
moderate increases (+15%) and larger decreases (-30%) in heart rate 
were most effective for entrainment, with participants expressing 
the highest confidence in these conditions. These findings suggest 
that Heartbeat Resonance could have significant applications in 
immersive virtual reality environments. 
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A Heartbeat Resonance in New Environments 
This code can be used to set up Heartbeat Resonance in a new environment. We used Wolfram Kernel 13.3 within a Jupyter Notebook to 
execute the code. The output of the code is the pressure distribution matrices for all the room modes. These matrices can be used to locate 
regions of high pressure in the environment. 

1 (* The speed of sound, in meters per second *) 
2 c = QuantityMagnitude[StandardAtmosphereData[Quantity[0, "Meter"], "SoundSpeed"]]; 
3 (* Define the shape of the room using a basic solid primitive, in this case a cuboid. *) 
4 roomDimensions = {1.7, 2.18, 2.12}; (* These values are for the room used in the paper (in meters) *) 
5 roomGeometry = Cuboid[{0, 0, 0}, roomDimensions]; 
6 (* This variable is useful when combining more than one geometries. Here we leave it as such *) 
7 model = roomGeometry; 
8 (* Visualize the defined cuboid representing the room *) 
9 Graphics3D[{Opacity[0.1], {Blue, model}}, ImageSize -> Medium, Axes -> True, AxesLabel -> {x, y, z}, ViewVector -> {15, -15, 15}] 
10 (* Convert the model/geometry into a mesh for computation of modes. *) 
11 mesh = DiscretizeRegion[model, MeshQualityGoal -> "Maximal", AccuracyGoal -> 4, MaxCellMeasure -> {"Volume" -> 0.001}, PerformanceGoal -> " 

Quality"]; 
12 (* Display the solid cuboid model and the generated mesh side by side for visualization *) 
13 Grid[{{ Graphics3D[{Opacity[0.1], model}, ImageSize -> Medium, ViewVector -> {15, -15, 15}], Graphics3D[{Opacity[0.25], mesh}, ImageSize -> 

Medium, ViewVector -> {15, -15, 15}]}}] 
14 (* Compute the first 'nmodes' acoustic modes of the room. The first mode is at f=0, so we ignore that. *) 
15 nmodes = 15; 
16 (* The Helmholtz equation (Laplacian) is being solved here. By default, Neumann boundary conditions are assumed in NDEigensystem, meaning the 

walls are perfectly reflective. This is suitable since we used MDF walls, which are dense and highly reflective. *) 
17 AbsoluteTiming[{lambda, eigfuns} = NDEigensystem[{-Laplacian[u[x, y, z], {x, y, z}]}, u[x, y, z], Element[{x, y, z}, mesh], nmodes];] 
18 (* Convert the computed eigenvalues into frequencies (Hz). *) 
19 freqs = c * Sqrt[lambda] / (2 * Pi); 
20 (* Display the frequencies in a grid layout *) 
21 Grid[Transpose[{Range[nmodes], freqs}], Alignment -> Right] 
22 (* Visualize the acoustic modes within the room. *) 
23 plots = Table[DensityPlot3D[eigfuns[[mode]], Element[{x, y, z}, model], ColorFunction -> ColorData["RedGreenSplit"], ViewVector -> {15, -15, 

15}], {mode, nmodes}] 
24 (* Define the grid of points where the pressure field will be evaluated for each mode. *) 
25 xValues = Range[0, roomDimensions[[1]], 0.05]; (* x-axis grid points *) 
26 yValues = Range[0, roomDimensions[[2]], 0.05]; (* y-axis grid points *) 
27 zValues = Range[0, roomDimensions[[3]], 0.05]; (* z-axis grid points *) 
28 (* The 'pressureField' variable contains the computed pressure values for all modes. *) 
29 pressureField = Table[ Table[eigfuns[[mode]] /. {x -> xVal, y -> yVal, z -> zVal}, {xVal, xValues}, {yVal, yValues}, {zVal, zValues}], {mode, 

nmodes} ]; 
30 (* Export the computed pressure field for each mode to .mat files. *) 
31 Do[ Export["pressure_field_mode_" <> ToString[mode] <> ".mat", pressureField[[mode]], "MAT"], {mode, nmodes}]; 

A.1 Modeling Partial Reflectivity from Walls 
The following code adds the reflectivity coefficient for the walls of the environment. Choose a reflectivity value and replace line 17 in the 
main code with the code below. 

1 (*To model partial reflectivity, we can introduce impedance boundary conditions. Below is an example of how to modify the boundary conditions to 
include partial absorption. *) 

2 reflectivityCoefficient = 0.5; (* Modify this value to change the reflectivity level *) 
3 AbsoluteTiming[{lambda, eigfuns} = NDEigensystem[{-Laplacian[u[x, y, z], {x, y, z}] + reflectivityCoefficient * u[x, y, z]}, u[x, y, z], Element 

[{x, y, z}, mesh], nmodes];] 

A.2 Modeling Objects Inside the Environment 
The following code can be used to add objects such as furniture or partitions to the environment. Represent these objects using geometric 
primitives and replace lines 5—7 in the main code with the code provided below. 

1 (* Example: Adding furniture inside the room *) 
2 (* Other possible primitives: Sphere, Cylinder, Cone, Pyramid, Prism, Polyhedron *) 
3 wardrobe = Cuboid[{0.5, 0.5, 0}, {1.0, 1.0, 1.8}]; (* A wardrobe with dimensions 0.5 m x 0.5 m x 1.8 m *) 
4 desk = Cuboid[{1.2, 1.0, 0}, {1.6, 1.8, 0.8}]; (* A desk with dimensions 0.4 m x 0.8 m x 0.8 m *) 
5 (* Combine the room with the furniture *) 
6 model = RegionUnion[roomGeometry, wardrobe, desk]; 
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B Detailed Statistics for Experiment 1 (Inducing Heartbeat Sensations) 
B.1 Mean Realism and Intensity Data 

Conditions Realism Intensity 
Mean SD Mean SD 

Basic 
Heartbeat 

78Hz 3.14 0.33 3.18 0.29 
100Hz 2.61 0.24 2.43 0.2 
156Hz 2.64 0.19 2.89 0.2 
200Hz 2.54 0.29 3.43 0.27 

Enhanced 
Heartbeat 

78Hz 3.18 0.2 3.29 0.2 
100Hz 2.57 0.28 2.57 0.24 
156Hz 2.5 0.19 2.96 0.25 
200Hz 2.18 0.23 3.29 0.26 

Real 2.64 0.4 2.14 0.27 
Table 1: This table provides data for Fig. 4a and 4b. Mean and standard deviation (SD) for realism and intensity across different 
heartbeat conditions. The highest values for realism and intensity are highlighted in bold. 

B.2 Realism and Intensity for Modulation Frequencies 

Condition 
Realism P-Value Intensity P-Value 

Mean SD (Compared to real signal)) Mean SD (Compared to real signal)

Frequencies 

78Hz 3.16 0.27 0.03 3.23 0.26 0.0001 
100Hz 2.59 0.2 0.78 2.5 0.18 0.07 
156Hz 2.57 0.2 0.87 2.93 0.19 0.002 
200Hz 2.36 0.16 0.33 3.36 0.17 0.0001 

Real 2.64 0.4 2.14 0.27 
Table 2: This table provides data for Fig. 5a and 5b. Mean and standard deviation (SD) for realism and intensity across different 
frequencies. The data for basic and enhanced heartbeat signals is combined. The highest values for realism and intensity are 
highlighted in bold. The significant p-values are also shown in bold, highlighting the frequencies that had a significant effect 
compared to the real signal. 

C Detailed Statistics for Experiment 2 (Perceived Heart Rate Entrainment) 
C.1 Confidence-Perception Data 

Conditions Correct Incorrect Total Counts 
High Confidence Low Confidence High Confidence Low Confidence 

Heratbeat Resonance 

-30 29.4 17.6 35.3 17.6 17 
-15 18.8 31.3 18.8 31.3 16 
15% 50.0 18.8 18.8 12.5 16 
30% 33.3 0.0 16.7 50.0 12 

Vibrotactile 

-30 23.1 15.4 38.5 23.1 13 
-15 27.3 0.0 45.5 27.3 11 
15% 16.7 25.0 25.0 33.3 12 
30% 13.3 20.0 6.7 60.0 15 

Table 3: Percentage distribution of participants’ responses by condition, confidence level, and accuracy. The table includes 
both correct and incorrect responses, categorized by high and low confidence for each condition and modulation level. Data 
is presented as percentages since Total Counts for high and low confidence differ due to the exclusion of neutral confidence 
ratings (rating of 3). 
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C.2 Confidence-Perception Excluding “no change” in Perception 

Conditions 
Correct % 

(excluding “no change”) 
Incorrect % 

(excluding “no change”) Total Counts 

High Confidence Low Confidence High Confidence Low Confidence 

Heratbeat Resonance 

-30 38.5 23.1 30.8 7.7 13 
-15 25.0 41.7 8.3 25.0 12 
15% 66.7 25.0 0.0 8.3 12 
30% 57.1 0.0 28.6 14.3 7 

Vibrotactile 

-30 33.3 22.2 33.3 11.1 9 
-15 33.3 0.0 55.6 11.1 9 
15% 33.3 50.0 0.0 16.7 6 
30% 28.6 42.9 0.0 28.6 7 

Table 4: Detailed values for Fig. 11. Percentage distribution of participants’ responses by condition, confidence level, and 
accuracy, excluding both ’no change’ responses for perceived heart rate changes and neutral confidence ratings (rating of 3). 
The table shows correct and incorrect responses categorized by high and low confidence for each condition. Data is presented 
as percentages since total counts for high and low confidence differ due to the exclusion of neutral confidence ratings. The 
Total Counts column shows the number of eligible responses for each condition. 

C.3 Heart Rate Deviation 

Conditions Median Q1 Q3 Min Max 
P-Value 

(in comparison 
with baseline) 

Baseline 
Resting 

0 0 0 0 0 

Heartbeat 
Resonance 

-30% 0.07 -1.52 4.3 -6.34 12.32 0.26 
-15% -0.63 -4.98 2.55 -12.94 7.49 0.19 
+15% 2.55 -1.86 5.95 -8.03 12.62 0.03 
+30% 0.29 -2.15 5 -5.06 14.2 0.15 

Vibrotactile 

-30% 0.7 -4 6.37 -11.59 14.02 0.86 
-15% -0.89 -7.03 5.26 -11.13 18.03 0.29 
+15% 1.39 0.11 5.39 -4.14 7.67 0.08 
+30% -0.27 -5.23 4 -10.59 8.98 0.96 

Table 5: Summary of boxplot statistics from Fig. 12a representing heart rate deviation from baseline across different feedback 
vonditions. The +15% condition for Heartbeat Resonance was the only one significantly different from the baseline. 
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C.4 RMSSD 

Conditions Median Q1 Q3 Min Max 
P-Value 

(in comparison 
with baseline) 

Baseline 
Resting 

22.02 12.07 35.52 4.02 48.1 

Heartbeat 
Resonance 

-30% 12.44 7.86 19.7 5.04 31.58 0.09 
-15% 13.9 8.02 24.39 5.87 36.18 0.66 
+15% 15.66 8.61 22.76 7.26 30.79 0.93 
+30% 19.17 9.09 28.49 4.24 44.77 0.89 

Vibrotactile 

-30% 13.33 8.55 24.41 5.05 28.52 0.43 
-15% 13.91 10.09 26.06 7.11 33.38 0.79 
+15% 15.99 10.36 23.55 4.88 38.63 0.29 
+30% 13.62 10.16 24.59 5.75 38.67 0.056 

Table 6: Details of boxplots in Fig. 12b. The tables show RMSSD statistics (Median, Q1, Q3, Min, Max) and P-Values for Heart Rate 
Variability across different conditions compared to baseline resting. The p-values indicate no significant difference between the 
conditions and the baseline resting state. 
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