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Purpose: This study investigated the feasibility and clinical relevance of a low-cost, wearable
biofeedback system designed to monitor physiological signals related to respiration and pho-
nation in real time.

Methods: In this study, a wearable biofeedback system consisting of a thermocouple sensor
and a flex sensor was designed and developed, along with a real-time feedback interface. To
evaluate the system’s effectiveness, sensor data were collected from ten healthy adult partic-
ipants during the performance of semi-occluded vocal tract exercises (SOVTE). The syn-
chrony and consistency between phonation onset and abdominal motion were measured,
along with the exhaled air volume and abdominal wall movement in response to variations in
straw width and depth. Additionally, the effect of the water level and straw shape on the sys-
tem’s performance was analyzed, with temperature changes detected by the thermocouple
sensor used to predict variations in exhaled air volume. The analysis also included an evalu-
ation of user satisfaction.

Results: During phonatory tasks, the thermocouple consistently detected temperature in-
creases ranging from 1.8°C to 5.2°C, validating its sensitivity to expiratory airflow. Larger-di-
ameter straws (10 mm) were associated with greater temperature elevations than narrower
ones (8 mm), suggesting a direct correlation with airflow resistance in water. Simultaneously,
the flexible pressure sensors demonstrated stable, repeatable waveform patterns aligned
with inhalation and exhalation cycles, allowing precise tracking of thoracoabdominal expan-
sion. Real-time data visualization enabled intuitive feedback for users to self-monitor respira-
tory and phonatory dynamics during vocal exercises.

Conclusions: These findings support the potential utility of thermocouple and flex sensors as
accessible, real-time monitoring tools for individualized voice training and therapeutic inter-
vention.

Keywords: Biofeedback, Thermocouple sensor, Flexible pressure sensor, Respiration moni-
toring, Voice therapy, Real-time feedback, Wearable system

INTRODUCTION

Voice production is a multifaceted motor process that requires precise coordination
between respiratory and phonatory subsystems. Adequate respiratory control provides
the subglottal pressure necessary for initiating and sustaining phonation and directly
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influencing vocal intensity, quality, and endurance [1]. Dis-
ruptions in respiratory-phonatory coordination—commonly
observed in individuals with functional or organic voice dis-
orders—can result in inefficient voice use, excessive vocal ef-
fort, and increased risk of vocal fatigue or strain. Therefore,
optimizing this coordination is a foundational objective in
voice therapy [2,3].

Conventional voice therapy approaches typically rely on
auditory modeling, verbal instruction, and clinician-guided
tactile cues to modify respiratory and phonatory behaviors.
However, these methods often lack precision and depend
heavily on the patient’s ability to interpret internal kinesthetic
signals, which are often diminished or distorted in voice-dis-
ordered individuals [4]. Consequently, many patients struggle
to perceive or voluntarily regulate their breathing and phona-
tion patterns without immediate and objective feedback.

Biofeedback has emerged as a valuable adjunct in voice
therapy, offering real-time, external representations of physi-
ological processes that are otherwise imperceptible. By in-
creasing a patient’s awareness of vocal behavior, biofeedback
has been shown to enhance motor learning, facilitate accu-
rate performance, and promote behavioral retention [5-7].
While prior studies have demonstrated the efficacy of bio-
feedback in areas such as pitch modulation, vocal intensity,
and laryngeal muscle tension [8-10], its application to respira-
tory-phonatory coordination remains underdeveloped.

Recent advances in wearable sensing technologies now of-
fer the potential to fill this gap. Thermocouple sensors can de-
tect fluctuations in exhaled air temperature [11], providing in-
direct but reliable markers of airflow and phonatory timing.
Flex sensors placed on the chest or abdomen can track thora-
coabdominal expansion and contraction, allowing for real-
time monitoring of respiratory movements [12,13]. The inte-
gration of these sensors into a biofeedback system enables
real-time, multimodal visualization of both respiratory and
phonatory behaviors during voice production, thereby offer-
ing a more comprehensive and actionable tool for voice ther-
apy. One well-established therapeutic approach that benefits
from biofeedback is semi-occluded vocal tract exercises
(SOVTE). These techniques aim to optimize vocal tract im-
pedance and glottal efficiency by partially closing the vocal
tract at either the anterior or posterior end. Historically, lip
trills and tongue trills have been employed, especially among
singers and voice professionals [14]. More recently, straw pho-
nation and tube exercises, including air- and water-based
phonation methods such as LaxVox, have gained widespread
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clinical use. These exercises manipulate oral pressure by gen-
erating resistance, which facilitates improved glottal closure,
vocal fold vibration, and vocal tract tuning [7,15]. Particularly,
water resistance tube phonation—which involves phonating
through a straw or tube submerged in water—produces bub-
bling and pressure fluctuations that can enhance propriocep-
tive feedback. The effectiveness of this method is closely
linked to two physical parameters: the depth of the tube be-
low the water surface and the internal diameter of the tube
[15]. These variables influence intraoral pressure and airflow
resistance, thereby modulating the therapeutic load applied
to the vocal mechanism. Accordingly, water resistance pho-
nation has shown efficacy for both hyperfunctional and hypo-
functional dysphonia, making it a versatile intervention across
a wide range of clinical populations [16]. Despite these ad-
vances, a persistent challenge in voice therapy remains: how
to monitor and quantify the physiological effects of exercises
like SOVTE in real time. While acoustic or aerodynamic in-
strumentation exists in laboratory settings, their clinical ac-
cessibility is limited. There is growing demand for portable,
low-cost biofeedback devices that can support both clinician-
guided therapy and patient-driven self-training, including in
home environments [7,13,17]. An ideal system would provide
feedback not only on acoustic outcomes but also on respira-
tory behavior, oral airflow, and vocal tract engagement, all of
which are critical during SOVTE and other direct voice train-
ing tasks. To address this need, previous work has introduced
a water cup device equipped with pressure sensors to mea-
sure the effects of tube depth and diameter during water resis-
tance phonation, offering visual biofeedback of bubbling dy-
namics [7]. Building upon this line of research, the present
study aims to develop and evaluate a novel biofeedback sys-
tem that integrates two wearable sensors: a thermocouple,
used to detect exhaled air temperature changes within a straw
during phonation, and a flex sensor, used to measure abdomi-
nal wall movement associated with diaphragmatic breathing.
These sensor signals provide real-time feedback on two criti-
cal dimensions of voice production—respiration and phona-
tion timing—and are designed to support self-monitoring,
self-correction, and clinician-patient communication during
therapeutic voice tasks. This study therefore contributes to the
growing field of technology-enhanced voice rehabilitation by
introducing a holistic, sensor-based biofeedback system that
supports effective respiratory and phonatory control during
voice therapy and training exercises, particularly those involv-
ing semi-occluded vocal tract techniques. With the aim of de-
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veloping a holistic biofeedback model for voice therapy or
training, this study investigated the effect of a thermocouple
sensor measuring the temperature changes in the straw dur-
ing exhalation and a flex sensor detecting the abdominal flex-
ural changes induced by diaphragmatic breathing as an ele-
ment of biofeedback system for voice training or therapy.

METHODS

Development of biofeedback system for voice therapy or
training
This study aimed to evaluate the feasibility of a wearable, low-
cost biofeedback system designed to monitor critical physio-
logical subsystems involved in voice production—specifically,
expiratory airflow, diaphragmatic respiratory movement, and
vocal fold contact area—during phonation. The long-term
goal of the system is to support voice therapy and training by
providing real-time feedback for self-monitoring, self-evalua-
tion, and self-correction (Figure 1). Due to limitations in proj-
ect duration and funding, the present study focused on as-
sessing the usability and signal fidelity of two components: a
thermocouple sensor and a flexible pressure sensor. The elec-
troglottography (EGG) subsystem was reserved for future de-
velopment.

The biofeedback system comprises three integrated sensor
modalities:

a flexible thin film pressure sensor

Electroglotrograpy (EGG)

1. Thermocouple Temperature Sensor: A K-type thermocou-
ple module (MAX6675, Maxim Integrated Inc., USA) was
embedded in a phonation therapy straw to measure tem-
perature changes in the exhaled air. Since exhalatory tem-
perature fluctuations are proportional to pressure varia-
tions, this sensor functions as an indirect indicator of sub-
glottal pressure and airflow dynamics during voice produc-
tion. Its high sensitivity to thermal changes allows for real-
time monitoring of phonatory effort without intrusive in-
strumentation.

2. Flexible Thin-Film Pressure Sensor: To assess diaphrag-

matic breathing, two flexible pressure sensors (SEN0293,
Elec Solution Inc., Korea) were positioned bilaterally on the
lateral abdominal wall. These regions expand and contract
during respiration, enabling the detection of dynamic flex-
ural changes associated with abdominal breathing. The
sensors were mounted onto a semi-elastic belt (Model 09-
657, Wondan Inc., Korea), which was selected based on its
ability to maintain firm contact with the body while mini-
mizing discomfort and movement artifacts. This configura-
tion facilitated accurate measurement of respiratory pat-
terns without restricting natural body motion during thera-
peutic exercises.

3. EGG (Planned): A third subsystem, not evaluated in the

current phase due to temporal and financial constraints,
consists of an EGG module designed to measure vocal fold

a thermocouple sensor

Data acquisition system

e e Signal Processing system
DAQ system (Amp/Filtering)

waveform

EGG
(%) vV
Oral pressure
(cmH20) -
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(%) =

time
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Figure 1. Schematic overview of the biofeedback system. The system integrates (1) a thermocouple sensor inserted into a phonation straw for detecting ex-
haled air temperature changes, (2) flexible thin-film pressure sensors for monitoring abdominal expansion during diaphragmatic breathing, and (3) an Arduino

Uno microcontroller for real-time data acquisition and signal processing.
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contact area by detecting impedance changes via electrodes

placed on either side of the thyroid cartilage. This compo-

nent will be integrated into future iterations to provide a

complete, tri-modal biofeedback system covering phona-

tory initiation, respiratory support, and glottal closure.

The integrated design of the system enables a holistic view
of voice production by linking biomechanical signals from the
respiratory and phonatory subsystems. Real-time signal feed-
back is intended to assist both clinicians and patients in as-
sessing and modifying performance during voice therapy ses-
sions.

Data acquisition and processing
The thermocouple sensor was attached to the side of the
straw through a small gap, allowing it to measure temperature
variations. When flow phonation was applied at the straw’s
inlet, the flow rate was determined by the temperature differ-
ence. The principle underlying this method relies on the in-
crease in exhaled volume and temperature generated during
phonation within the straw. The flexible pressure sensor at-
tached to the semi-elastic waist band was used to detect the
abdominal changes associated with diaphragmatic breathing.
For real-time data acquisition, the thermocouple and flex
pressure sensors were interfaced with an Arduino Uno micro-
controller (ATmega328, Arduino Inc., Italy), which features a
built-in 10-bit analog-to-digital converter (ADC) and is capa-
ble of efficient signal acquisition and processing (Figure 1).
The Arduino board served as the central platform for sensor
integration, enabling the collection, digitization, and transmis-
sion of physiological signals in a seamless manner (Figure. 2).

Straw
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A custom program was developed to sample data from both
sensors at 300 ms intervals, which was empirically deter-
mined to be sufficient for capturing the temporal dynamics of
exhalatory airflow and abdominal motion during voice exer-
cises. The flex sensor data reflected abdominal wall move-
ment during diaphragmatic breathing, while the thermocou-
ple readings corresponded to airflow-induced temperature
fluctuations during phonation. These data streams were pro-
cessed in real time by Arduino and transmitted to a personal
computer via USB connection.

To facilitate immediate visualization and user-friendly
monitoring, the PLX-DAQ (Parallax Data Acquisition) tool,
integrated with Microsoft Excel (MS Office 365, Microsoft
Corp., USA), was used as the primary data interface. This
setup allowed for dynamic plotting of sensor outputs, en-
abling clinicians and participants to observe intraoral pres-
sure changes and respiratory movement patterns during voice
therapy tasks. The system thus provides a cost-effective and
accessible platform for multimodal biofeedback in both clini-
cal and home-based therapeutic contexts.

The figure illustrates the connectivity and signal flow be-
tween the biofeedback system components. The thermocou-
ple sensor (K-type) embedded in the phonation straw and the
flex pressure sensors attached to the semi-elastic waistband
are interfaced with the Arduino Uno microcontroller (AT-
mega328), which performs analog-to-digital conversion and
real-time data processing. Sensor data are transmitted via
USB to a personal computer and visualized using the PLX-
DAQ data acquisition platform integrated with Microsoft Ex-
cel, enabling real-time monitoring of temperature and respi-

Thermocouple

Arduino(DAQ)

Flex Sensor

Figure 2. Diagram of the data acquisition system (Connection between sensors and PC).
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ratory movement during voice tasks.

Procedures

The participants in this study were 10 healthy young adults (5
men and 5 women) aged between 21 and 27 years (mean age:
23.4+1.8). Individuals with a history of voice complaints, la-
ryngeal lesions, vocal disorders, recent upper airway infec-
tions, or any health issues that could affect phonation were
excluded from the study [7].

Prior to the measurements, the examiner provided a de-
tailed explanation of diaphragmatic breathing to the partici-
pants. The subjects were instructed to practice the diaphrag-
matic breathing technique as follows: “Breathe deeply
through your nose and exhale slowly through your mouth.
When inhaling through your nose, do so gently and slowly,
and exhale slowly through your mouth, pushing the air from
your stomach without raising your shoulders.” Following this,
the abdominal band with the attached flex sensor was worn
by each participant. The examiner ensured that the flex sen-
sor values changed appropriately during the breathing cycle,
with the values increasing during inhalation and decreasing
during exhalation.

With the abdominal band in place, the participants used
straws of 8 mm and 10 mm diameters to measure Maximum
Phonation Time (MPT) at two different straw depths (3 cm
and 7 cm) submerged in a 500 mL plastic water bottle. The
subjects were instructed to inhale fully through their nose af-
ter exhaling completely. During exhalation with sustained /u/
phonation, MPT measurements were taken using the 8 mm
diameter straw at both 3 cm and 7 cm depths in the water.
Subsequently, the same procedure was followed with the 10
mm diameter straw at the same two depths in the water bottle.

The effect of the thermocouple sensor on the amount of
water in the water bottle and the width of the straw was mea-
sured twice. The amounts of water in the water bottle are 100,
200, and 300 mL and the widths of straw are 6, 8, 10 mm.

Statistics

The statistical package SPSS version 22.0 (Statistic Packages
for Social Science; IBM Inc., Armonk, NY, USA) was used for
data analysis. The maximum phonation time (MPT) of the
straws of the different diameters (8 and 10 mm) inserted at
two different depths (3 and 7 cm) in the plastic water bottle
during phonation was analyzed by one-way repeated mea-
sure of ANOVA. The statistical significance was determined by
pvalue of less than 0.5.
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RESULTS

Sensor responsiveness and signal acquisition

The developed biofeedback system successfully captured
synchronized physiological signals associated with respira-
tion and phonation across all participants. The thermocouple
sensor, integrated into the phonation therapy straw, consis-
tently detected airflow-induced temperature changes during
exhalation. On average, temperature increases of 1.8-5.2 °C
were observed during sustained phonatory tasks, confirming
the sensor’s sensitivity to variations in expiratory airflow. In-
terestingly, straws with a larger internal diameter (10 mm)
tended to produce greater temperature increases during pho-
nation compared to narrower straws (8 mm), indicating
higher expiratory airflow. Simultaneously, the flexible pres-
sure sensors affixed to the lateral abdominal wall accurately
tracked thoracoabdominal expansion and contraction during
diaphragmatic breathing. The flex sensors exhibited stable
and repeatable waveform patterns corresponding to inhala-
tion and exhalation cycles, enabling real-time feedback on re-
spiratory movement. A representative set of synchronized
thermocouple and flex sensor signals during a sustained /u:/
phonation with bubbling task is shown in Figure 3, illustrating
temporal coordination between the onset of airflow and ab-
dominal expansion.

This figure demonstrates an example of real-time visualiza-
tion of respiratory and phonatory data using the PLX-DAQ
data acquisition tool. The user interface intuitively displays
the real-time data flow, providing graphical representations of
temperature variations and abdominal movements obtained
from the sensors. The graphs show temperature fluctuations
(indicative of expiratory pressure) and abdominal movements
(associated with diaphragmatic breathing), recorded at 300
ms intervals. This setup allows the user to monitor and re-
ceive feedback on the physiological changes associated with
respiration and phonation during voice exercises in real time.

Real-time visualization and usability
The data acquisition interface, developed using PLX-DAQ in
Microsoft Excel, enabled real-time plotting of the temperature
and flex sensor outputs. The visual feedback provided intui-
tive representations of intraoral pressure and respiratory
movement, allowing users to monitor their performance dur-
ing vocal exercises. The system operated without signal inter-
ruption or latency in all trials.

Informal feedback was obtained from 10 adult participants,
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Figure 3. Onset of phonation and associated abdominal wall movement during sustained vowel /u/ production with bubbling. After full exhalation followed
by deep inhalation, phonation was initiated with simultaneous activation of the abdominal musculature and temperature change.
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all of whom reported that the biofeedback system was com-
fortable to wear, non-intrusive, and easy to interpret during
exercises. The semi-elastic band provided sufficient stability
for sensor placement while permitting natural movement,
and no adverse effects or discomfort were reported.

Effect of straw dimensions and flex sensor on MPT
To investigate the impact of straw dimensions and the flex

0 f
gnrf [ [
& J J
=

g

=

10

Width 8-depth3 ~ Width 8-depth 7 Width 10-depth 3~ Width 10-depth 7

Straw

Figure 4. Mean Maximum Phonation Time (MPT) values measured using
two different straw widths (8 and 10 mm) and insertion depths (3 and 7 cm)
during water resistance phonation tasks.

sensor on MPT, different straw widths (8 mm and 10 mm) and
depths (3 cm and 7 cm) were tested during phonation.

A one-way repeated measures ANOVA were conducted to
examine the statistical significance of the variations in MPT
based on straw dimensions. The analysis revealed no statisti-
cally significant differences in MPT across the different straw
widths and depths (F(3, 27) =12.158, p=0.338).

Although no significant differences were found, some nota-
ble trends were observed. The shortest MPT occurred with
the straw that had a width of 10 mm and a depth of 7 cm,
while the longest MPT was observed with the straw that had a
width of 8 mm and a depth of 7 cm (Figure 4). These results
suggest that increasing the straw’s width and depth may in-
crease the water resistance, which, in turn, reduces the MPT
during phonation.

Effect of water volume and straw shape on temperature
response across different water volumes

As shown in Figure 5, when the water volume was 100 mL, the
tree branch-shaped straw resulted in lower thermocouple
temperatures and longer times to reach peak temperature
across all straw diameters (6 mm, 8 mm, and 10 mm) com-
pared to the inverted tree branch-shaped straw. Notably, in
the inverted tree branch configuration, an increase in straw
diameter led to a consistent rise in recorded temperature. In
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Figure 5. Two measurements of straws with tree branch and inverted tree branch shapes with different widths (6, 8, 10 mm) of the straw in the water bottle
of 100 mL. In this figure, x and y axes indicates time (s) and temperature (°C), respectively. The shapes of straw in this study are tree branch (above) and in-
verted tree branch (below) shapes. The amounts of water in the water bottle are 100, 200, and 300 mL and the widths of straw are 6, 8, 10 mm.
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of 200 mL.

branch shapes with different widths (6, 8, 10 mm) of the straw in the water bottle
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Figure 7. Two measurements of straws with tree branch and inverted tree branch shapes with different widths (6, 8, 10 mm) of the straw in the water bottle

of 300 mL.

contrast, the tree branch configuration displayed no consis-
tent relationship between straw width and temperature.
Figure 6 presents the results for a water volume of 200 mL.
The trend was consistent with the 100 mL condition: the tree
branch-shaped straw showed a lower peak temperature and
longer time to reach peak compared to the inverted tree

branch shape for all straw widths. In the inverted tree branch
shape, increasing straw width was again associated with a
steady increase in temperature. However, in the tree branch
shape, the temperature decreased or remained inconsistent
with increasing straw diameter.

As illustrated in Figure 7, the results at 300 mL water volume

31



Clinical Archives of Communication Disorders / Vol. 10, No. 1:24-35 / April 2025

followed the same pattern. The tree branch-shaped straw con-
sistently showed a delayed and lower temperature rise than
that of the inverted tree branch-shaped straw for all tested di-
ameters. The inverted tree branch shape maintained a stable
positive relationship between increasing straw diameter and
thermocouple temperature, whereas the tree branch shape
showed irregular or even inverse responses.

Across all water volumes (100, 200, and 300 mL), the in-
verted tree branch-shaped straws demonstrated more stable
and predictable thermal responses with increasing straw di-
ameter. In contrast, the tree branch-shaped straws showed in-
consistent or opposite trends. In addition to the thermal mea-
surements, a practical advantage was observed: during pho-
nation, users experienced no direct air flow to the face with
the inverted tree branch shape, making it more comfortable
and user-friendly for voice therapy.

DISCUSSIONS AND CONCLUSIONS

The findings of this study demonstrate the practical feasibility
and potential clinical utility of a sensor-based biofeedback
system designed to monitor and provide feedback on respira-
tion and phonation coordination during voice therapy. By in-
tegrating a thermocouple sensor for airflow monitoring and a
flex sensor for diaphragmatic movement, the system offers a
non-invasive, real-time means of visualizing key subsystems
involved in voice production.

Compared to conventional voice therapy approaches that
rely primarily on verbal instruction or subjective clinician
feedback, this system provides an objective, quantifiable
means for patients to observe their own performance. This
capability is particularly beneficial in SOVTE such as straw or
tube phonation, where maintaining appropriate expiratory
pressure and diaphragmatic control is critical. Real-time feed-
back can enhance proprioceptive awareness, support motor
learning, and increase engagement in therapy, consistent
with previous studies on the benefits of multimodal biofeed-
back in voice therapy or traing [7-10,18].

Regarding the temperature change, the current study dem-
onstrated larger-diameter straws (10 mm) were associated
with greater temperature elevations than narrower ones
(8 mm). These results suggest that in submerged phonation
conditions, straws with larger internal diameters (e.g., 10 mm)
produced greater temperature increases than narrower straws
(8 mm). This is likely due to the higher volume of exhaled air
passing through the straw, generating more pronounced ther-
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mal variations detectable by the thermocouple sensor.

For measuring the effect of the thermocouple sensor, the
widths of straw with either tree branch shape or inverted tree
branch shape were changed from 6 to 10 mm in 2 mm step
while the amounts of water in the water bottle with either tree
branch shape or inverted tree branch shape were changed
from 100 to 300 mL in 100 mL step. For measuring the effect of
the flex sensor during phonation, the MPT was obtained with
two different widths (8 and 10 mm) and different depths (3
and 7 cm) of straw.

In the water bottle of 100, 200, and 300 mL, the straw with
inverted tree branch shape showed the higher temperature
and shorter time to reach the highest temperature than the
straw with tree branch shape at the different widths of straw
(6, 8, 10 mm). When the widths of straw increased from 6 to 10
mm in the water bottle of 100, 200, and 300 mL, the tempera-
ture of thermocouple sensor in the straw with inverted tree
branch shape increased consistently while the temperature in
the straw with tree branch shape did not show similar results.
In addition, the straws with the inverted tree branch shape
showed ease of use because there was no air flow reaching on
the face of the person who is blowing air in the straw with the
inverted tree branch shape. The results of the MPT indicating
the effect of flex sensor during phonation showed the longer
MPT in the straw with wider widths and deeper depths and
the shorter MPT in the straw with narrower widths and thin-
ner depths. This indicates that the thermocouple and the flex
sensors in the straw with inverted tree branch shape can pro-
vide clinically consistent and reliable results for voice therapy
and training.

The effects of the widths and depths of straw in the water
resistance phonation have already been verified in other stud-
ies [7,19-21]. The previous studies recommended tubes be-
tween 26 and 28 cm in length with a diameter of 9 mm for
adults and between 24 and 26 cm in length with a diameter of
8 mm [21]. Another study recommended continuous phona-
tion with tube ends submerged in 1 to 7 cm for LaxVox tech-
nique, 1 to 2 cm of water for the patients with hyperfunctional
voice disorders, or tube ends submerged at a depth of 15 cm
of water for the patients with insufficient vocal fold closure
[19]. Measuring the amplification rate of the water level
change in the three 35 cm-long silicone tubes with different
diameters (5, 7, and 10 mm) immersed at four different water
depths (2, 4, 7, and 10 cm), the amplification rate of the water
level change ranged from 2.46 to 13.29%. When this study
measured the temperature change by the thermocouple sen-



sor and the maximum phonation time by the flex sensor, this
study confirmed that the narrower the tube diameter and the
shallower the water depth, the lower the water resistance was.
The only difference between our study and previous studies
was the fact that our study used two different shapes of in-
verted tree branch and tree branch. With the straw with in-
verted tree branch shape, the above statement was true. The
straws with inverted tree branch shape provide the ease of
use, that there was no air flow reaching on the face of the per-
son who is blowing air. Therefore, this study demonstrated
that physical factors—including straw shape, diameter, and
water volume—significantly influence the functional mecha-
nism of voice training tools, as assessed by quantitative tem-
perature measurements. Specifically, it identified aerody-
namic differences associated with straw geometry (tree
branch vs. inverted tree branch), which affected internal air-
flow, pressure, and heat transfer. These findings may serve as
foundational data for future research on vocal fold vibration
and expiratory resistance.

Furthermore, the results provide a basis for optimizing the
design of Lax Vox or straw phonation devices by identifying
structural configurations that yield more stable and reproduc-
ible outcomes.

Clinically, the observation that straw diameter and water
volume influence thermal responses suggests that these tools
can potentially be customized based on individual patient
characteristics such as phonatory strength or lung capacity.
This highlights the potential of such devices to be adapted as
personalized therapeutic tools in voice therapy.

Although there are some advantages in the development of
the real-time biofeedback system for voice therapy and train-
ing, we should mention the efficiency and effectiveness of the
thermocouple and flex sensors used in this study. When the
current study used the thermocouple sensor, we assumed
that the temperature changes provided by the sensor are pro-
portional to the pressure changes of exhalation. Based on the
assumption, the thermocouple sensor was connected to a
voice therapy straw to measure exhalatory pressure during
breathing exercises. If the temperature changes by the sensor
are completely proportional to pressure changes, the thermo-
couple sensor measuring temperature variations caused by
airflow during exhalation in real time showed consistent and
reliable results compared to those of previous studies. How-
ever, since the thermocouple sensor is an indirect method
measuring the pressure changes in the straw during exhala-
tion, our study did not measure if there are some relationships
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between the temperature change and the pressure change of
the straws during exhalation. Therefore, some studies of the
relationship in the near future should be performed.

There are some considerations in the use of the flex sensor
to detect abdominal movements during diaphragmatic
breathing. The sensor in this study is inserted at both sides of
the waist band expanding and contracting during diaphrag-
matic breathing. The sensor was not perfectly attached to the
entire waistband. This indicates that the flex sensor can per-
fectly not reflect the subtle and small changes in the abdomi-
nal breathing of the entire waistband. In addition, the semi-
elastic band provides relatively accurate information about
abdominal breathing. However, we were unable to provide
various sizes of the semi-elastic band depending on the sub-
ject’s waist size. Therefore, more accurate studies in the near
future should be performed to solve the problems.

The abdominal movements during diaphragmatic breath-
ing were detected using a flexible thin film pressure sensor.
The placement of the sensors was optimized to the regions at
both sides of the waist that expand and contract during
breathing, ensuring real-time detection of flexural changes
induced by diaphragmatic breathing. The semi-elastic band
(09-657, Wondan Inc., Korea) was selected as diaphragmatic
breathing measurement band, to which the sensors were at-
tached for data acquisition. The semi-elastic band was
deemed to be most suitable for measuring breathing, as it
provided accurate data while minimizing discomfort for par-
ticipants.

Furthermore, this study used the limited number of partici-
pants. Due to the limited numbers of the subjects, we were
unable to provide clinical information of the normal and ab-
normal standards of the temperature detected by the thermo-
couple sensor and the abdominal movements during dia-
phragmatic breathing detected by the flex sensor. Particularly,
we need to obtain more clinical data of the patients with hy-
perfunctional or hypofunctional voice disorders.

Finally, the long-term goal of this study was to develop a
real-time biofeedback system providing self-monitoring or
self-evaluating for patients with voice disorders. As we men-
tioned early, the total biofeedback system composed of three
subsystems of the temperature changes connected to a pho-
nation therapy straw which is proportional to the pressure
change during breathing, a flexible thin film pressure sensors
to measure the abdominal movements during diaphragmatic
breathing, and an EGG to measure the changes of contact
area of vocal fold through the electrode attached to the neck.
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Of these three components, this study measured two compo-
nents: the temperature changes detected by the thermocou-
ple sensor and the abdominal movements detected by the flex
sensor. Although the present study focused on validating the
effectiveness of the thermocouple and flex sensors, future de-
velopment will aim to integrate additional biosignal monitor-
ing components such as sensors for vocal fold contact (e.g.,
electroglottography) and subglottic pressure sensors to enable
more comprehensive and multidimensional monitoring of
phonatory function. Furthermore, expanding the system for
use in home-based self-training settings may support long-
term voice maintenance and self-guided rehabilitation. We
are expecting the development of a holistic biofeedback sys-
tem for voice therapy and training in the near future.

In conclusion, the integration of real-time measurement
tools such as a respiration belt with a flex sensor and a ther-
mocouple-based oral pressure monitoring system into voice
therapy protocols offers significant clinical implications.
Monitoring abdominal wall movement during phonation
provides direct feedback on the engagement and coordina-
tion of the respiratory subsystem, particularly diaphragmatic
breathing. This is essential for patients with voice disorders, as
inefficient or maladaptive breathing patterns—such as shal-
low thoracic breathing—are commonly associated with hy-
perfunctional phonation and vocal fatigue.

Furthermore, the application of a thermocouple sensor to
indirectly assess intraoral pressure through temperature vari-
ation during water resistance phonation (e.g., LaxVox tech-
nique) offers a novel and objective approach to quantify pho-
natory effort. As pressure regulation is a critical aspect of ef-
fective voice production, especially in SOVTEs, real-time visu-
alization of pressure-related temperature changes can aid in
both diagnostic assessment and therapeutic biofeedback.

Clinically, these tools facilitate self-monitoring, self-regula-
tion, and individualized training, which are crucial for im-
proving treatment adherence and outcomes. For clinicians,
these measurements provide quantifiable data to tailor inter-
vention strategies, monitor progress, and document thera-
peutic efficacy over time. This is particularly valuable for pop-
ulations with functional voice disorders, such as muscle ten-
sion dysphonia, or neurogenic conditions, where subtle respi-
ratory-phonatory coordination issues may not be readily visi-
ble through perceptual assessment alone.

The combination of these sensors may thus contribute to
the development of a comprehensive, sensor-based biofeed-
back system that enhances traditional voice therapy by incor-
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porating real-time, patient-specific physiological data.

In conclusion, the developed biofeedback system effec-
tively captured and visualized physiological signals related to
respiration and phonation in real time. The system demon-
strated high sensitivity, stability, and user comfort, making it a
promising tool for voice therapy and training. Future studies
with larger and more diverse participant groups are recom-
mended to further validate the system’s efficacy and explore
its potential applications in clinical settings.
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