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The effect of tennis batting sound
on anxiety: a randomized
controlled trial and basic acoustic
analysis

Hao Wang*, Geng Zhang', Xiang Li' and Shihong Pu’

School of Physical Education, China West Normal University, Nanchong, China

Purpose: To investigate the potential role of the unique sound of tennis in
alleviating anxiety. Previous research has consistently shown that exercise can
mitigate anxiety, primarily attributed to the impact of increased physical activity
on hormonal and neurostructural changes. However, in daily life we find that one
of the reasons people are drawn to tennis is its distinctive sound. In this study,
we specifically examined the influence of this sound on anxiety.

Methods and results: In a randomized controlled experiment involving 96
participants reporting chronic anxiety (n;=n,=48), we found that the control
group exhibited an average reduction of 0.00156 in anxiety scores 4 weeks
before and after the study. On the other hand, the experimental group, exposed
to tennis stroke sound stimuli, showed an average reduction of 0.02896 in anxiety
scores after 4 weeks, with some individuals even experiencing a decrease from
anxiety to mild anxiety. Furthermore, the analysis of sound data revealed that the
sound of tennis exhibited a pleasing timbre, with the primary sound frequencies
ranging from 100 to 2,800 Hz. The rhythm of the sound had an average interval
of approximately 1.758” (+ 0.41), corresponding to speed of approximately
93.6 km/h. The sound exhibited a steady rhythm, orderly variations in pitch, and
a soothing timbre.

Conclusion: This study confirms that the sound of tennis alone contributes
to anxiety relief, attributed to its suitable loudness, steady rhythm, and orderly
variations in pitch, all of which align with human auditory characteristics. This
indicates that a considerable portion of the anxiety-alleviating effects of tennis
attributed to its comforting sound.

KEYWORDS

sports psychology, tennis, anxiety, voice, mental health

1 Introduction

Anxiety is a complex emotional state characterized by apprehension, fear, tension, distress,
and hyper vigilance, palpitations, sweating, and possibly intense panic (Rynn and Brawman-
Mintzer, 2004). Research has shown that moderate levels of anxiety can increase an individual’s
effectiveness and potential, as Harvard psychologists Robert Yerkes and John Dodson
hypothesized in 1908 that maintaining a certain level of “alertness” can enhance performance
(Jie-Lin and He-Zhan, 2015). However, excessive anxiety can have many negative effects,
impairing attention, memory, and perceptual-motor functions (Eysenck et al., 2007; Moran,
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2016; Runswick et al., 2018). If severe and prolonged anxiety is not
effectively relieved, it can develop into an anxiety disorder (AD). Once
anxiety has progressed to an anxiety disorder, it should be treated in
conjunction with a doctor, typically with medication, physiotherapy,
and psychological support (Testa et al., 2013). However, for overall
human health, prevention is always better than cure. Reasonable relief
of anxiety is essential in the prevention of anxiety disorders.

There is a significant body of research indicating that exercise has
a positive impact on mental health. Exercise has been found to
be effective in alleviating symptoms of anxiety and depression,
reducing stress, improving mood and self-esteem, and enhancing
cognitive function. Exercise has also been shown to have a protective
effect against the development of mental health disorders.

Research on exercise and mental health has been highly
accomplished in the fields of psychology, applied psychology, sport
psychology, and psychiatry, with a large number of studies showing
that exercise is effective in alleviating negative emotions (Stubbs et al.,
2017) and enhancing mental health (Mead et al., 2008; Cooney et al,
2013; Hwang et al., 2019; Firth et al., 2020). However, most studies
focus on the physiological changes brought about by exercise, such as
changes in brain structure and related hormone levels. These studies
have shown that exercise improves brain structure and has a beneficial
remodeling effect on brain structures that control emotions, including
the hippocampus (Hendrikse et al., 2022), prefrontal cortex, anterior
cingulate cortex (Colcombe et al, 2003; Canbeyli, 2013), and
amygdala (Duman et al., 1999; Lin et al., 2015). Furthermore, exercise
has been found to boost the body’s hormone levels, such as dopamine
(Shimojo et al, 2019), endorphins (Hildebrandt et al., 2014
Schoenfeld and Swanson, 2021), 5-hydroxytryptamine (Hu et al,
2015), norepinephrine (Goddard et al., 2010), and other hormones. In
short, changes in hormone levels brought about by exercise have a
significant impact on human mood (Wegner et al., 2014; Szuhany
et al, 2015). These physiological changes are important factors
influencing emotions and facilitating the alleviation of anxiety
or depression.

Much of the existing research has focused on the emotional
impact of physiological changes resulting from increased intensity of
physical activity. However, little attention has been given to whether
the sounds produced during exercise can influence mood. Tennis, a
popular and sophisticated sport played around the world, is known
for its distinctive tone and rhythm. The ITF Global Tennis Report
2021 indicates that as of 2021, more than 87 million people have
participated in tennis across 41 surveyed countries, which represents
a4.5% increase compared to 2018. The North America region has the
highest percentage of its population playing tennis (6.5%). Tennis
enthusiasts in other countries are also steadily increasing.
Undoubtedly, tennis, as a prevalent sport worldwide, plays a significant
role in alleviating stress, regulating negative emotions, and promoting
physical and mental health. Many tennis enthusiasts have reported
that the distinctive sound and rhythm of hitting a tennis ball are
important factors that contribute to their addiction to the sport. This
particular sound can effectively alleviate their work-related stress, life
pressures, and negative emotions, providing them temporary respite
from feelings of frustration, anxiety, sadness, or anger. Even watching
or listening to the game from outside the court can induce a relaxed
and enjoyable feeling. This suggests that the impact of tennis on
anxiety may not solely be attributed to the increase in physical activity
levels; as the unique sound of the sport may also play a contributory
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role in relieving anxiety. This article validated this hypothesis and
analyzed the acoustic characteristics of tennis strokes.

2 Materials and methods
2.1 Anxiety coefficient calculation

This study employed the “Zung Anxiety Self-Assessment Scale”
(SAS, Zung, 1971). The anxiety coefficient (q) was calculated by
adding up the scores of all the questions and dividing by the total
possible score. The formula was calculated as:

> ?:1‘7"

q= T

For each question i, the score is recorded as a, where # (the total
number of questions) is 20 and T (the total marks on the paper) is 80.

The anxiety coefficient (g) is typically rounded to two decimal
places in practical applications, but for this experiment, the exact
value was retained to obtain a more detailed variation. According to
the results of testing based on Chinese norms, if g <0.5, it represents
a normal level of anxiety; q&€(0.5,0.59) represents mild anxiety;
q€(0.6,0.69) represents moderate anxiety, and g&€(0.7,1) represents
severe anxiety.

2.2 Participants and power calculation

This study recruited volunteers from the Psychological Counseling
Center of West China Normal University. In order to recruit suitable
volunteers, 368 participants who self-reported being in a state of long-
term anxiety filled out the SAS and several other questionnaires to
disguise the research intent (Including preferences in sports, music,
reading, entertainment methods, as well as sources of anxiety and
stress). As mentioned in the previous section, moderate anxiety can
help people stay alert and improve their work or study efficiency. So,
the inclusion criteria required an g > 0.6. Exclusion criteria included:
(1) a history of any psychotropic medication use; (2) diagnosed
emotional disorders by doctor; (3) significant hearing impairments
(Pure tone audiometry > 25dBHL); (4) having a certain level of
knowledge or experience in tennis (Tennis practitioner
and enthusiast).

After calculation, this study is expected to require 90 (n=90,
n,=n,=45; f=0.3, ®=0.05, 1-=0.80; from G*power 3.1.9.7; Faul
et al, 2007, 2009) experimental group participants to obtain
appropriate results. After screening, we identified 96 (n=96;
Males =37, Females =59) eligible subjects and randomly divided them

into two groups: experimental group and control group (1, =n,=48).

2.3 Experimental design

Since the primary focus of the study was to examine whether the
sound of tennis balls striking affects levels of anxiety, both qualitative
and quantitative research methods were employed simultaneously.
The experimental section employed a pre- and post-test completely
randomized design; this is the quantitative research section. The
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FIGURE 1
Experimental flow diagram.

design features are as Figure 1: R represents the subjects randomly
assigned to two groups, O, represents the pre-test score, O, represents
the post-test score, and T represents the Intervention experiment.

2.4 Procedure

2.4.1 Intervention experiment

Due to constraints imposed by the size of the venue, participants
in the experimental group were divided into two groups of 24
individuals each. They sequentially entered the venue to conduct the
experiment. The subjects were located near the umpire’s chair with
their backs to the court and their eyes closed to avoid visual
stimulation. They meditated for 1 min to calm down before the sound
stimulation began. Then, the experimenter started the tennis match
without making any extra noise, and the subjects were asked to
participate in the sound stimulation for 5 min. Approximately 150-200
hitting sounds were heard within a five-minute period. After the
experiment concludes, participants are required to additionally
complete some simple test question, describing subjectively whether
they perceive a relief in anxiety and selecting the tennis ball striking
sound that they find more pleasant (either a crisp hitting sound or a
striking sound with friction). This is the qualitative research section.
During the 4 weeks of the experiment, the subjects were required to
maintain their daily routine and avoid additional exercise or
recreational activities. The first SAS test was conducted within 3 days
prior to the start of the experiment, and the second SAS test was
completed within 3 days after the conclusion of the experiment.

2.4.2 Sound capture

A clear and windless day was chosen to measure the sound of
consistent batting, including hits with strong spin (such as serves and
forehands with spin) and hits with very little spin (such as flat serves
and flat forehands), at the umpire’s chair on an outdoor tennis court.

2.4.3 Materials and processing equipment

Tennis Racket: Wilson WR120211U2-PRO STAFF97 V13.0
(Parameters: Empty weight 315g, Face size — 97 square inches,
Threaded pounds - 52 Pounds, Threading mode: 16 x 19). Tennis:
Slazenger Wimbledon - 340940. Venue: Outdoor standard hard
surface. Recording equipment: RODE Video Micro II. Recording
software: Adobe Audition 2022. Audio analysis software: Adobe
Audition 2022.
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2.5 Ethics, transparency and openness

This study’s methodology is explicitly described in the methods
section. All data and materials used in the study are available upon
request, including samples, measurement methods used, executed
statistical analyzes, raw data, and any other materials used in the study.
This study strives for transparency in reporting its findings. All survey
results are reported in a clear and concise manner, with appropriate
descriptive statistics and effect sizes provided where relevant. The
limitations of the study and recommendations for future research are
discussed at the end of the paper. This study strictly adheres to the
APA ethical guidelines; including obtaining informed consent from
participants and protecting their privacy and confidentiality. All the
eligible participants voluntarily participated. All participants read and
signed an informed consent form. This study received support from
the Ethics Committee (Attached review form).

3 Result

3.1 Intervention experiment data and
analysis

Figure 2 shows the basic situation of all subjects. As can be seen
from Figure 2, the anxiety coeflicients of the subjects in the
experimental group showed different degrees of reduction after the
intervention experiment. In contrast, the control group subjects
basically maintained their original anxiety level, and the overall
change was not significant. Statistical tests were carried out on the
samples to obtain more detailed results of the data analysis (See
Tables 1, 2).

Based on the descriptive information(For Table 1), it can
be observed that the age difference between the experimental group
(EG) and the control group (CG) is small, and there is no significant
age difference between the two groups [EG: M, =20.79, SD=1.688,
95% CI=(20.30, 21.28); CG: My, = 20.60, SD = 1594, 95% CI = (20.14,
21.07)].

The pre-test scores and coefficients of the EG [O;: M=51.98,
SD=2.638,95% CI=(51.21, 52.75); ;: M=0.649740, SD =0.0329702,
95% CI=(0.640166, 0.659313)] and CG [O,": M=51.69, SD =2.299,
95% CI=(51.02, 52.35); g, M=0.646094, SD=0.0287316, 95%
CI=(0.637751, 0.654437)] are similar, indicating no significant
differences in the pre-test measures between the two groups.
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FIGURE 2
Comparison of experimental group and control group.

TABLE 1 Descriptive statistics of outcomes of intervention experiments.

Measure B(95% CI)
Age 20.79 1.688 0.244 (20.30, 21.28) 18 24
Pre-test score(O,) 51.98 2.638 0.381 (51.21, 52.75) 48 59
EG* Post-test score (O,) 49.67 1.860 0.269 (49.13, 50.21) 47 54
Pre-test coefficient(q;) 0.649740 0.0329702 0.0047588 (0.640166, 0.659313) 0.6000 0.7375
Post-test coefficient(q,) 0.620833 0.0232547 0.0033565 (0.614081, 0.627586) 0.5875 0.6750
Age 20.60 1.594 0.230 (20.14, 21.07) 18 23
Pre-test score(0,) 51.69 2.299 0.332 (51.02, 52.35) 48 58
CG* Post-test score (O,) 51.56 2.153 0.311 (50.94, 52.19) 47 58
Pre-test coefficient(q,') 0.646094 0.0287316 0.0041471 (0.637751, 0.654437) 0.6000 0.7250
Post-test coefficient(q,") 0.644531 0.0269093 0.0038840 (0.636718, 0.652345) 0.5875 0.7250
*EG, Experimental Group; CG, Control Group; M, Mean; SD, Standard Deviation; SE, Standard Error.
TABLE 2 Results of one-way analysis of variance.
Measure SS df MS F p* n%*
Between 0.000 1 0.000 0.334 0.565 0.000
Pre-test coefficient Within 0.090 94 0.001
Total 0.090 95
Between 0.013 1 0.013 21.311 0.000 0.178
Post-test coefficient Within 0.059 94 0.001
Total 0.073 95
Between 0.018 1 0.018 61.490 0.000 0.400
Coeflicient variation Within 0.027 94 0.000
Total 0.045 95

*When p(Sig.) <0.001,shown as 0.000(p is the level of significance, when p <0.05, the correlation holds, and vice versa the correlation does not hold).

#n? is Effect size.

However, the post-test scores and coefficients of the EG [O,:
M=49.67, SD=1.860, 95% CI=(49.13, 50.21); g,; M=0.620833,
SD=0.0232547, 95% CI=(0.614081, 0.627586)] are significantly lower
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than those of the CG [0, M=51.56, SD=2.153, 95% CI =(50.94, 52.19);
q>" M=0.644531, SD=0.0269093, 95% CI=(0.636718, 0.652345)]. In
contrast, there are more pronounced differences in the post-test results.

frontiersin.org



https://doi.org/10.3389/fpsyg.2023.1233599
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Wang et al.

10.3389/fpsyg.2023.1233599

4434 4436
1 . 1

4438 4440 4442
i
Contains at least three echoes
A

\ )
T

The sound of a racket hitting the tennis ball

\
e V.«J ']) Pm J‘lmﬂfu'[ﬁ /\]'V.A\.-«\...JL/UN»’\,»],wf\ B J'""“flw’t"\l P AP A LA AN A Ao Y AR A A
|
1

PPV WY | SRS

FIGURE 3
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FIGURE 4
Waveform graph of a multi-round strike.

The analysis of variance (For Table 2) reveals the pre-test scores
show minimal differences between different groups (SS=0.000,
MS=0.000, df=1, F=0.334, p=0.565, #*=0.000). The within-group
differences in pre-test scores are also relatively small (SS=0.090,
df=94, MS=0.001). This indicates that the experimental and control
groups had similar levels of anxiety before the intervention experiment.

The between-group differences in post-test coeflicients are
significant (SS=0.013, df=1, MS=0.013, F=21.311, p=0.000,
n*=0.178), while the within-group differences are relatively small
(S§=0.059, df=94, MS=0.001). This suggests that the differences in
post-test coefficients primarily arise from different groupings, with the
experimental group showing a significant decrease in post-
test coefficients.

The between-group differences in coefficient variation are also
highly significant (§5=0.018, df=1, MS=0.018, F=61.490, p=0.000,
17*=0.400), whereas the within-group differences are relatively smaller
(8§=0.027, df=94, MS=0.000). This further confirms the
previous findings.

3.2 Batting sound data and analysis

To enhance the authenticity of the experimental setting, an
extensive corpus of audio data was collected at the outdoor venue,
capturing the distinct waveforms of each individual strike.
Subsequently, a noise reduction process was performed on the audio
data to yield a more precise waveform graph. It is shown in the
following picture (Figure 3).
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The regular waveform depicted in the graph displays the
fundamental characteristics of the sound produced by a tennis stroke,
exhibiting a smooth and uniform pattern. A complete stroke lasts for
no more than 0.2” and encompasses at least three distinct sound levels,
implying that the sound of a tennis ball is comprised of a combination
of multiple sounds in rapid succession, giving rise to a rich and
resonant stroke sound. To provide a more consistent and accurate
representation of the multi-round batting sound data, the original
audio was processed further. The results are shown in the figure below
(Figure 4).

Based on the sound data, it can be observed that the sound
intensity of the racket hitting the ball, as perceived from the umpire’s
stand, falls within the range of (—3.5dB to —9.5dB), while the sound
produced when the tennis ball hits the ground is approximately
-21dB. The average interval between successive racket impacts is
1.758” (1.758” +0.41).

Moreover, spectral analysis of this relatively regular audio data
yielded the following results (Figure 5).

The spectrograms demonstrate that the sound produced by hitting
a tennis ball corresponds to a broad spectrum of frequencies that
extend beyond the range of 0-22kHz. However, the primary energy
is concentrated in the range of 0-3,000 Hz, which is reflected in the
bright colors in this frequency range, suggesting that the lower
frequencies contribute the most energy. Upon comparing the
waveform and spectrogram, it was observed the sounds with the
highest amplitudes occur within the 0-3,000Hz range. To obtain
clearer results, noise reduction techniques were applied to the audio
due to the substantial amount of ambient noise present in the
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FIGURE 5
Original audio spectrum analysis graph.

recording. Presented below is a sample of the most representative data
obtained ( ).

The diagram displays the audio waveform of the racket hitting the
ball on the left and the sound of the tennis ball making contact with
the ground on the right. The left side of the diagram exhibits a wide
range of frequencies, with the peak energy being concentrated in the
lower frequencies. Conversely, the sound of the tennis ball hitting the
ground lacks high frequency data, implying that the tennis ball
produces a low frequency sound. provides a magnified image
that reveals more intricate details.

As depicted in , the energy density of the sound is highest
in the frequency range of approximately 100-1800Hz, which
corresponds to the fundamental sound of the tennis ball. Additionally,
the overtone component of the tennis ball is present within the range
of 1800-2,800 Hz, audible both when the racket hits the ball and when

the ball hits the ground.

The significant differences observed in the post-test coefficients
and coefficient variation between the experimental and control groups
indicate that the sound intervention has an impact on these two
measures, providing significant explanatory power in reducing
anxiety levels.

In summary, the results of the analysis suggest that the pre-test
scores did not differ significantly between the experimental and
control groups, indicating similar levels of anxiety before the
intervention. However, the post-test coefficients and coefficient
variation showed significant differences between the groups,
indicating the effectiveness of sound intervention in reducing
anxiety levels.

The experiment yielded notable findings on the effect of sound
stimulation from tennis ball hitting on the anxiety level of subjects in
the experimental group. Specifically, the results showed a reduction in
anxiety levels with a mean anxiety coefficient decrease of 0.02896,
even in the absence of physical activity. Nevertheless, the anxiety
reduction was not significant enough to fully alleviate the anxiety of
the subjects, with some of them transitioning from moderate to mild
anxiety. In contrast, the control group exhibited a minimal mean

Frontiers in

anxiety coefficient change of only 0.00156, indicating little
improvement in their anxiety status. The comparison of the two
groups revealed that the anxiety coefficients of the experimental group
decreased significantly, implying that the sound of tennis ball hitting
is a contributing factor in reducing anxiety, not just the physical
activity itself. The findings suggest that tennis, with its unique sound,
possesses a soothing effect on anxiety.

After the intervention, the majority of the subjects who were
interviewed reported that the sound of the tennis ball was perceived
as crisp., full, and evenly spaced, akin to a rhythmic drumbeat. Among
the different strokes, the sound of flat serves and flat strokes was found
to be the most pleasant, while the cutting or strongly spinning balls
were perceived to have varying degrees of friction, which, although
still comfortable overall, was less than ideal compared to the crisp
hitting sound that is a hallmark of tennis and one of the reasons why
many enthusiasts are enamored with the sport. To gain insight into the
fundamental properties of this sound, the recorded sound of a tennis
ball being struck was analyzed.

The wide frequency range contributes to the dominant perception
of the tennis sound as a deep bass with a subtle high-end crispness.
This sound is composed of a mixture of decaying sounds within a
short period of 0.2”, resulting in a rich and complex overall sound. The
sound created when hitting the ball is a composition of vibrations
originating from the racket, string, and the tennis ball itself. The sound
above 2,800 Hz is likely a combination of vibrations from the tennis
string and tennis racket. This finding further supports the previous
assertion that a complete tennis stroke sound is a combination of
multiple echoes occurring within a short period, which contributes to
its perceived fullness. However, the new spectral analysis indicates that
there are more than three distinct levels of sound that contribute to
this full stroke. It should be noted that these results were obtained
using the available equipment, and with more advanced equipment,
more precise data could potentially be obtained.

The temporal structure of the sound of multiple rounds of tennis
is governed by the rules and regulations set forth for the game and
specifications of the court. This characteristic temporal structure
engenders a rhythmic auditory experience for the observer. However,
the temporal structure varies depending on the level of the player and
the velocity of the ball. As the ball velocity increases, the time intervals
between the shots decrease, leading to a tighter and more precise
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rhythm. Specifically, for an average ball speed of 93.6km/h (26 m/s),
assuming the player stands approximately 1 m away from the baseline
when hitting the ball, the interval between shots is approximately 1 s.
The rhythmic pattern generated by multiple rounds of tennis is
reminiscent of the beat of popular music, albeit achieving such a
tempo necessitates exceptional levels of athletic prowess and control.
Professional tennis players are perhaps more inclined to attain and
maintain such a rhythm during matches. The rhythmic nature of the
sound produced by the game adds to its allure for spectators of
professional tennis events.

Research has demonstrated that rhythmic sounds can
) as the
human brain has a basic predictive function for rhythmic sounds

be comforting (

( ). In the same way that people listen to music to
anticipate the next point of repetition, sounds with varying intensities
and rhythms can impact human auditory organization and evoke
). A stable sound
rhythm allows the brain to predict the next sound node, thereby

diverse emotions (

creating a sense of order and coherence.

While a soothing musical rhythm can relax the mind and body
and relieve stress, fast-paced music can be exciting; however, sounds
that are too fast can also induce panic and stress, such as sirens,
screams, and mechanical noise from construction sites (

Frontiers in

). Another study suggests that rhythmic visual and auditory
stimuli lead to high levels of activity on the right side of the human
brain ( ), which may explain why people enjoy the
sound of tennis.

The frequency range of 100-5,000 Hz is widely recognized as the

most sensitive range for human perception of sound (

However, sounds above 4,000 Hz can lead to hearing loss (

), and sounds of appropriate
frequency and amplitude are generally more responsive and
comfortable ( ). Tennis sound
frequencies fall within the range of the most sensitive sounds for
humans, which explains why most people find the sound of tennis
pleasing to listen to. This pleasant and rhythmic sound is an important
reason why it is enjoyed by many.

However, it is not only soothing music that can influence human
emotions. For example, the sound of a hi-hat cymbals (a metallic
percussion instrument commonly used in drum kits) may not
be pleasant on its own, but when combined with other instruments it
contributes to many popular music genres. Similarly, the sound of a
basketball hitting the ground may not be very pleasant on its own to
people who do not normally exercise, but during an intense game, the
sound can be quite exciting, possibly due to the combined visual and
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Main frequency distribution ranges for tennis ball strikes and tennis ball landings

auditory stimuli. Various sports have their own distinctive sounds,
such as basketball, football, volleyball, badminton, and table tennis,
which contribute to the unique attributes of the sport itself. Numerous
studies have explored the combination of sound and sport, applying
different music to improve athletic performance or enhance recovery
before, during, and after competition (

). These studies suggest
that appropriate sound stimulation combined with exercise can lead
to better training, competition, and recovery outcomes.

The various movement stimuli may not affect various brain
structures to the same extent. For example, sound stimuli of movement
may stimulate more temporal lobe and amygdala regions (

), while visual stimuli
would stimulate more visual cortex and occipital lobe (

), and limbic activity may stimulate the cerebellum and striatum
more ( ), among others. Existing
studies have typically analyzed exercise in general and have not
examined the weight of sound stimuli in the various mechanisms by
which exercise affects mood. Most studies have tended to focus on the
physiological changes brought about by changes in exercise intensity
but have neglected the effects of the sound of exercise on the body. The
present study has improved the understanding of the effect of sound
on human emotions during exercise, which is perhaps what
distinguishes various sports from running alone. It also shows that the
mechanisms by which exercise affects the human body are
more complex.

Frontiers in

The experiment confirmed the previous conjecture, the sound of
tennis alone has a significant anxiety-reducing effect on subjects,
with an average anxiety factor reduction of 0.0289, and some
subjects even reported a decrease from moderate to mild anxiety.
The sound produced by the impact of a tennis ball encompasses a
wide frequency range, resulting from the combination of sounds
generated by the racket, strings, and the ball itself. This amalgamation
creates a complete and pleasant sound, with the low frequencies
providing depth and the high frequencies contributing to crispness.
The sound exhibits a continuous and uniform rhythm, accompanied
by variations in pitch, enhancing its enjoyable qualities. This
auditory profile is well-suited to the human auditory system. All this
indicates that the alleviation of anxiety in tennis is not solely derived
from the elevation of physical activity levels. The distinct and
soothing sound it produces also serves as one of the contributing
factors to anxiety relief.

This paper investigates the effect of tennis sound on anxiety,
confirming the anxiety-reducing and mood-regulating effects of
tennis stroke sounds, and examining the fundamental properties of
this sound. The application of Fourier transform to convert acoustic
signals into visual images greatly aids this study. Although the
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algorithms used by the latest audio analysis software are highly
advanced and deviations from actual data are already minimal,
professional audio analysis instruments can still provide more accurate
results. Better equipment may also be able to uncover more details.
The sound generated by exercise is a significant aspect of movement,
and the impact of these sounds on the human brain requires
verification through more specialized medical or biological
experiments. Improving this aspect of research is expected to further
enhance the understanding of the mechanisms through which exercise
affects the human body.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

The studies involving humans were approved by Ethics Review
Committee of China West Normal University China West Normal
University. The studies were conducted in accordance with the local
legislation and institutional requirements. The participants provided
their written informed consent to participate in this study.

Author contributions

HW: proposed the theory, viewpoint, method, data processing,
and wrote the paper. GZ and XL: made corresponding contributions
to the experiments and data collection in the paper. SHP guided the

References

Brant, L. ], and Fozard, J. L. (1990). Age changes in pure-tone hearing thresholds in
a longitudinal study of normal human aging. J. Acoust. Soc. Am. 88, 813-820. doi:
10.1121/1.399731

Brauchli, P, Michel, C. M., and Zeier, H. (1995). Electrocortical, autonomic, and
subjective responses to rhythmic audio-visual stimulation. Int. J. Psychophysiol. 19,
53-66. doi: 10.1016/0167-8760(94)00074-O

Bubic, A., Von Cramon, D. Y., and Schubotz, R. I. (2010). Prediction, cognition and
the brain. Front. Hum. Neurosci. 25:25. doi: 10.3389/fnhum.2010.00025

Canbeyli, R. (2013). Sensorimotor modulation of mood and depression: in search of
an optimal mode of stimulation. Front. Hum. Neurosci. 7:428. doi: 10.3389/
fnhum.2013.00428

Colcombe, S. J., Erickson, K. I, Raz, N., Webb, A. G., Cohen, N. ], McAuley, E., et al.
(2003). Aerobic fitness reduces brain tissue loss in aging humans. J. Gerontol. Ser. A Biol.
Med. Sci. 58, M176-M180. doi: 10.1093/gerona/58.2.M176

Cooney, G. M., Dwan, K., Greig, C. A., Lawlor, D. A,, Rimer, J., Waugh, F. R, et al.
(2013). Exercise for depression. Cochrane Database Syst. Rev. 2013:CD004366. doi:
10.1002/14651858.CD004366.pub6

Curran, M. L. (2012). Effects of synchronous music in sport and exercise: A meta-
analytic review and field studies of ultra-distance athletes Doctoral dissertation.
Queensland: University of Southern Queensland.

Dreisbach, L. E., and Siegel, J. H. (2001). Distortion-product otoacoustic emissions
measured at high frequencies in humans. J. Acoust. Soc. Am. 110, 2456-2469. doi:
10.1121/1.1406497

Duman, R. S., Malberg, J., and Thome, J. (1999). Neural plasticity to stress and
antidepressant treatment. Biol. Psychiatry 46, 1181-1191. doi: 10.1016/
S0006-3223(99)00177-8

Frontiers in Psychology

10.3389/fpsyg.2023.1233599

paper. All authors contributed to the article and approved the
submitted version.

Acknowledgments

The authors thank Dr. Xi Shen guidance on the experiment and
Pengcheng Zhang and Kuan for their contributions in the data
analysis. We would like to express our gratitude to SHP for her
valuable guidance and insightful comments on the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpsyg.2023.1233599/

full#supplementary-material

Eysenck, M. W,, Derakshan, N, Santos, R., and Calvo, M. G. (2007). Anxiety and cognitive
performance: attentional control theory. Emotion 7, 336-353. doi: 10.1037/1528-3542.7.2.336

Faul, F, Erdfelder, E., Buchner, A., and Lang, A. G. (2009). Statistical power analyses
using G*power 3.1: tests for correlation and regression ana-lyses. Behav. Res. Methods
41, 1149-1160. doi: 10.3758/BRM.41.4.1149

Faul, F, Erdfelder, E., Lang, A. G., and Buchner, A. (2007). G* power 3: a flexible
statistical power analysis program for the social, behavioral, and biomedical sciences.
Behav. Res. Methods 39, 175-191. doi: 10.3758/bf03193146

Firth, J., Solmi, M., Wootton, R. E., Vancampfort, D., Schuch, E. B., Hoare, E., et al.
(2020). A meta-review of “lifestyle psychiatry”: the role of exercise, smoking, diet and
sleep in the prevention and treatment of mental disorders. World Psychiatry 19, 360-380.
doi: 10.1002/wps.20773

Frithholz, S., Hofstetter, C., Cristinzio, C., Saj, A., Seeck, M., Vuilleumier, P, et al. (2015).
Asymmetrical effects of unilateral right or left amygdala damage on auditory cortical processing
of vocal emotions. Proc. Natl. Acad. Sci. 112, 1583-1588. doi: 10.1073/pnas.1411315112

Goddard, A. W, Ball, S. G., Martinez, ]., Robinson, M. J., Yang, C. R, Russell, J. M.,
et al. (2010). Current perspectives of the roles of the central norepinephrine system in
anxiety and depression. Depress. Anxiety 27, 339-350. doi: 10.1002/da.20642

Hendrikse, J., Chye, Y., Thompson, S., Rogasch, N. C., Suo, C., Coxon, J. P, et al.
(2022). Regular aerobic exercise is positively associated with hippocampal structure and
function in young and middle-aged adults. Hippocampus 32, 137-152. doi: 10.1002/
hipo.23397

Hildebrandt, T., Shope, S., Varangis, E., Klein, D., Pfaff, D. W., and Yehuda, R. (2014).
Exercise reinforcement, stress, and p-endorphins: an initial examination of exercise in
anabolic-androgenic steroid dependence. Drug Alcohol Depend. 139, 86-92. doi:
10.1016/j.drugalcdep.2014.03.008

frontiersin.org


https://doi.org/10.3389/fpsyg.2023.1233599
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpsyg.2023.1233599/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyg.2023.1233599/full#supplementary-material
https://doi.org/10.1121/1.399731
https://doi.org/10.1016/0167-8760(94)00074-O
https://doi.org/10.3389/fnhum.2010.00025
https://doi.org/10.3389/fnhum.2013.00428
https://doi.org/10.3389/fnhum.2013.00428
https://doi.org/10.1093/gerona/58.2.M176
https://doi.org/10.1002/14651858.CD004366.pub6
https://doi.org/10.1121/1.1406497
https://doi.org/10.1016/S0006-3223(99)00177-8
https://doi.org/10.1016/S0006-3223(99)00177-8
https://doi.org/10.1037/1528-3542.7.2.336
https://doi.org/10.3758/BRM.41.4.1149
https://doi.org/10.3758/bf03193146
https://doi.org/10.1002/wps.20773
https://doi.org/10.1073/pnas.1411315112
https://doi.org/10.1002/da.20642
https://doi.org/10.1002/hipo.23397
https://doi.org/10.1002/hipo.23397
https://doi.org/10.1016/j.drugalcdep.2014.03.008

Wang et al.

Hu, Y., Liu, X., and Qiao, D. (2015). Increased extracellular dopamine and
5-hydroxytryptamine levels contribute to enhanced subthalamic nucleus neural
activity during exhausting exercise. Biol. Sport 32, 187-192. doi:
10.5604/20831862.1150299

Hung, L. ], and Dallos, P. (1972). Study of the acoustic reflex in human beings. I.
Dynamic characteristics. J. Acoust. Soc. Am. 52, 1168-1180. doi: 10.1121/1.1913229

Hwang, R. ], Chen, H. ], Guo, Z. X, Lee, Y. S., and Liu, T. Y. (2019). Effects of aerobic
exercise on sad emotion regulation in young women: an electroencephalograph study.
Cogn. Neurodyn. 13, 33-43. doi: 10.1007/s11571-018-9511-3

Iversen, J. R., Patel, A. D., and Ohgushi, K. (2008). Perception of rhythmic grouping
depends on auditory experience. J. Acoust. Soc. Am. 124, 2263-2271. doi:
10.1121/1.2973189

Jie-Lin, Y., and He-Zhan, L. (2015). A review of the etiological mechanisms and
treatment of generalized anxiety disorder. Chin. Foreign Med. Res. 13, 154-157.

Karageorghis, C. I., Hutchinson, J. C., Jones, L., Farmer, H. L., Ayhan, M. S.,
Wilson, R. C,, et al. (2013). Psychological, psychophysical, and ergogenic effects of
music in swimming. Psychol. Sport Exerc. 14, 560-568. doi: 10.1016/j.
psychsport.2013.01.009

Karageorghis, C. I, and Jones, L. (2014). On the stability and relevance of the exercise
heart rate-music-tempo preference relationship. Psychol. Sport Exerc. 15, 299-310. doi:
10.1016/j.psychsport.2013.08.004

Karageorghis, C. L, Terry, P. C,, Lane, A. M., Bishop, D. T., and Priest, D. L. (2012).
The BASES expert statement on use of music in exercise. J. Sports Sci. 30, 953-956. doi:
10.1080/02640414.2012.676665

Koelsch, S. (2014). Brain correlates of music-evoked emotions. Nat. Rev. Neurosci. 15,
170-180. doi: 10.1038/nrn3666

Lin, T. W, Shih, Y. H., Chen, S. ], Lien, C. H., Chang, C. Y., Huang, T. Y., et al. (2015).
Running exercise delays neurodegeneration in amygdala and hippocampus of
Alzheimer’s disease (APP/PS1) transgenic mice. Neurobiol. Learn. Mem. 118, 189-197.
doi: 10.1016/j.nlm.2014.12.005

Manno, E A, Lau, C., Fernandez-Ruiz, ], Manno, S. H. C., Cheng, S. H., and
Barrios, E A. (2019). The human amygdala disconnecting from auditory cortex
preferentially discriminates musical sound of uncertain emotion by altering hemispheric
weighting. Sci. Rep. 9, 1-18. doi: 10.1038/541598-019-50042-1

Marquardt, T., Hensel, J., Mrowinski, D., and Scholz, G. (2007). Low-frequency
characteristics of human and guinea pig cochleae. J. Acoust. Soc. Am. 121, 3628-3638.
doi: 10.1121/1.2722506

Masters, M., Bruner, E., Queer, S., Traynor, S., and Senjem, J. (2015). Analysis of the
volumetric relationship among human ocular, orbital and fronto-occipital cortical
morphology. J. Anat. 227, 460-473. doi: 10.1111/joa.12364

Masterton, B., Heffner, H., and Ravizza, R. (1969). The evolution of human hearing.
J. Acoust. Soc. Am. 45, 966-985. doi: 10.1121/1.1911574

Mead, G. E., Morley, W., Campbell, P,, Greig, C. A., McMurdo, M., and Lawlor, D. A.
(2008). Exercise for depression. Cochrane Database Syst. Rev. 4:4366. doi:
10.1002/14651858.CD004366.pub3

Miterko, L. N., Baker, K. B., Beckinghausen, J., Bradnam, L. V., Cheng, M. Y,
Cooperrider, J., et al. (2019). Consensus paper: experimental neurostimulation of the
cerebellum. Cerebellum 18, 1064-1097. doi: 10.1007/s12311-019-01041-5

Moran, T. P. (2016). Anxiety and working memory capacity: a meta-analysis and
narrative review. Psychol. Bull. 142, 831-864. doi: 10.1037/bul0000051

Nakajima, Y., Tanaka, N., Mima, T., and Izumi, S. . (2016). Stress recovery effects of
high- and low-frequency amplified music on heart rate variability. Behav. Neurol. 2016,
1-8. doi: 10.1155/2016/5965894

Frontiers in Psychology

10

10.3389/fpsyg.2023.1233599

Runswick, O. R., Roca, A., Williams, A. M., Bezodis, N. E., and North, J. S. (2018). The
effects of anxiety and situation-specific context on perceptual-motor skill: a multi-level
investigation. Psychol. Res. 82, 708-719. doi: 10.1007/s00426-017-0856-8

Rynn, M. A, and Brawman-Mintzer, O. (2004). Generalized anxiety disorder: acute
and chronic treatment. CNS Spectr. 9, 716-723. doi: 10.1017/S1092852900022367

Salminen, N. H. (2015). Human cortical sensitivity to interaural level differences in
low-and high-frequency sounds. J. Acoust. Soc. Am. 137, EL190-EL193. doi: 10.1121/
1.4907736

Sarrou, M., Schmitz, P. M., Hamm, N., and Riibsamen, R. (2018). Sound frequency
affects the auditory motion-onset response in humans. Exp. Brain Res. 236, 2713-2726.
doi: 10.1007/500221-018-5329-9

Schoenfeld, T. J., and Swanson, C. (2021). A Runner’s high for new neurons? Potential
role for endorphins in exercise effects on adult neurogenesis. Biomol. Ther. 11:1077. doi:
10.3390/biom11081077

Shimojo, G., Joseph, B., Shah, R., Consolim-Colombo, E. M., De Angelis, K., and
Ulloa, L. (2019). Exercise activates vagal induction of dopamine and attenuates systemic
inflammation. Brain Behav. Immun. 75, 181-191. doi: 10.1016/j.bbi.2018.10.005

Simon, D., Becker, M., Mothes-Lasch, M., Miltner, W. H., and Straube, T. (2017). Loud
and angry: sound intensity modulates amygdala activation to angry voices in social
anxiety disorder. Soc. Cogn. Affect. Neurosci. 12, 409-416. doi: 10.1093/scan/nsw131

Smirmaul, B. P. (2016). Effect of pre-task music on sports or exercise performance. J.
Sports Med. Phys. Fitness 57, 976-984. doi: 10.23736/S0022-4707.16.06411-2

Sosa, P. M., Schimidt, H. L., Altermann, C., Vieira, A. S., Cibin, E. W. S., Carpes, E. P,
etal. (2015). Physical exercise prevents motor disorders and striatal oxidative imbalance
after cerebral ischemia-reperfusion. Braz. J. Med. Biol. Res. 48, 798-804. doi:
10.1590/1414-431x20154429

Stork, M. J., and Martin Ginis, K. A. (2017). Listening to music during sprint interval
exercise: the impact on exercise attitudes and intentions. J. Sports Sci. 35, 1940-1946.
doi: 10.1080/02640414.2016.1242764

Stubbs, B., Vancampfort, D., Rosenbaum, S., Firth, J., Cosco, T., Veronese, N., et al.
(2017). An examination of the anxiolytic effects of exercise for people with anxiety and
stress-related disorders: a meta-analysis. Psychiatry Res. 249, 102-108. doi: 10.1016/j.
psychres.2016.12.020

Szuhany, K. L., Bugatti, M., and Otto, M. W. (2015). A meta-analytic review of the
effects of exercise on brain-derived neurotrophic factor. J. Psychiatr. Res. 60, 56-64. doi:
10.1016/j.jpsychires.2014.10.003

Terry, P. C., Karageorghis, C. I, Curran, M. L., Martin, O. V,, and Parsons-Smith, R. L.
(2020). Effects of music in exercise and sport: a meta-analytic review. Psychol. Bull. 146,
91-117. doi: 10.1037/bul0000216

Testa, A., Giannuzzi, R., Sollazzo, E, Petrongolo, L., Bernardini, L., and Daini, S.
(2013). Psychiatric emergencies (part I): psychiatric disorders causing organic
symptoms. Eur. Rev. Med. Pharmacol. Sci. 17, 55-64.

Wegner, M., Helmich, I., Machado, S., Nardi, A. E., Arias-Carrion, O., and Budde, H.
(2014). Effects of exercise on anxiety and depression disorders: review of meta-analyses
and neurobiological mechanisms. CNS Neurol. Disord. Drug Targets 13, 1002-1014. doi:
10.2174/1871527313666140612102841

Zhao, Y., Sun, Q,, Chen, G., and Yang, J. (2018). Hearing emotional sounds: category
representation in the human amygdala. Soc. Neurosci. 13, 117-128. doi:
10.1080/17470919.2016.1267040

Zimba, L. D., and Robin, D. A. (1998). The effects of varying signal intensity on the
perceptual organization of rhythmic auditory patterns. J. Acoust. Soc. Am. 104,
2362-2371. doi: 10.1121/1.423747

Zung, W. W. (1971). A rating instrument for anxiety disorders. Psychosomatics: Journal
of Consultation and Liaison Psychiatry.

frontiersin.org


https://doi.org/10.3389/fpsyg.2023.1233599
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.5604/20831862.1150299
https://doi.org/10.1121/1.1913229
https://doi.org/10.1007/s11571-018-9511-3
https://doi.org/10.1121/1.2973189
https://doi.org/10.1016/j.psychsport.2013.01.009
https://doi.org/10.1016/j.psychsport.2013.01.009
https://doi.org/10.1016/j.psychsport.2013.08.004
https://doi.org/10.1080/02640414.2012.676665
https://doi.org/10.1038/nrn3666
https://doi.org/10.1016/j.nlm.2014.12.005
https://doi.org/10.1038/s41598-019-50042-1
https://doi.org/10.1121/1.2722506
https://doi.org/10.1111/joa.12364
https://doi.org/10.1121/1.1911574
https://doi.org/10.1002/14651858.CD004366.pub3
https://doi.org/10.1007/s12311-019-01041-5
https://doi.org/10.1037/bul0000051
https://doi.org/10.1155/2016/5965894
https://doi.org/10.1007/s00426-017-0856-8
https://doi.org/10.1017/S1092852900022367
https://doi.org/10.1121/1.4907736
https://doi.org/10.1121/1.4907736
https://doi.org/10.1007/s00221-018-5329-9
https://doi.org/10.3390/biom11081077
https://doi.org/10.1016/j.bbi.2018.10.005
https://doi.org/10.1093/scan/nsw131
https://doi.org/10.23736/S0022-4707.16.06411-2
https://doi.org/10.1590/1414-431x20154429
https://doi.org/10.1080/02640414.2016.1242764
https://doi.org/10.1016/j.psychres.2016.12.020
https://doi.org/10.1016/j.psychres.2016.12.020
https://doi.org/10.1016/j.jpsychires.2014.10.003
https://doi.org/10.1037/bul0000216
https://doi.org/10.2174/1871527313666140612102841
https://doi.org/10.1080/17470919.2016.1267040
https://doi.org/10.1121/1.423747

	The effect of tennis batting sound on anxiety: a randomized controlled trial and basic acoustic analysis
	1 Introduction
	2 Materials and methods
	2.1 Anxiety coefficient calculation
	2.2 Participants and power calculation
	2.3 Experimental design
	2.4 Procedure
	2.4.1 Intervention experiment
	2.4.2 Sound capture
	2.4.3 Materials and processing equipment
	2.5 Ethics, transparency and openness

	3 Result
	3.1 Intervention experiment data and analysis
	3.2 Batting sound data and analysis

	4 Discussion
	5 Conclusion
	6 Limitations and future directions
	Data availability statement
	Ethics statement
	Author contributions

	References

