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An Inexpensive Chest Belt for
measuring Respiratory Effort

Maximilian Geiger, Philipp Fleck, and Clemens Arth

Abstract— Sleep significantly affects health and well-being, but
sleep apnea and other breathing problems remain critical problems.
Polysomnography (PSG), the standard diagnostic method, is often
costly and uncomfortable and is performed in specialized sleep
laboratories. The respiratory-induced plethysmography sensor, the
benchmark for measuring respiratory effort in sleep diagnosis, is
expensive, prompting the need for cheaper alternatives.
This project aims to develop an affordable chest strap that uses a
strain gauge to measure chest expansion for breathing effort. The
goal is to integrate this technology into a home PSG device to
detect sleep apnea comfortably. The sleeping position is also mon-
itored for its potential impact on apnea. This chest strap records
respiratory activity during sleep, with data processed for analysis to offer an effective alternative to traditional sleep
diagnostics.

Index Terms— respiratory effort, biological signals, sleeping position, chest belt.

I. INTRODUCTION

Sleep is a fundamental aspect of life and therefore exerts
a substantial influence on the health and well-being of indi-
viduals. However, it is important to note that complications
and illnesses that affect respiratory function can also arise in
connection with sleep. In the contemporary era, it is becoming
increasingly necessary to diagnose these problems. Currently,
there is an increasing focus on improving patient comfort, with
the aim of avoiding substantial costs.

Sleep apnea is a common disease1, around 6% in the US
alone. The standard diagnostic procedure for this condition
is PSG. This procedure is performed in a specialized sleep
laboratory, an environment in which the subject is likely
unfamiliar. The respiratory aspect of sleep is a crucial bio-
factor in the diagnostic process. Specifically, respiratory effort
plays an important role in the diagnostic process. The gold
standard for recording respiratory effort is the respiratory-
induced plethysmography (RIP) sensor. Consequently, it is a
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highly effective variant, although it is also very expensive.
Given that the RIP procedure involves the measurement of rib
cage expansion, it is logical to utilize strain gauges for this
purpose. In addition, such a chest strap can be used to establish
additional respiratory parameters, including respiratory rate
and respiratory depth.

Our goal is to design an economical chest belt to mea-
sure chest movement, a derivative of respiratory effort, with
wireless data transmission for easy integration into various
systems. The aim is to integrate this belt into a domestic
PSG system with sensors to facilitate sleep apnea detection.
By minimizing costs, individuals can conduct PSG at home.
Movement measurement is achieved using a strain gage on an
elastic belt, ensuring data comparable to that of a RIP sensor.

Our goal for now is not to create a clinical device, but to
show the serious potential of commodity hardware for mainly
educational and private purposes. Although a clinical study
would give further and more sophisticated insights, this task
lies outside the scope of our current work, requiring significant
effort and administration which is unmanageable for the time
being. However, in the latter part of this work we still compare
our prototype to a gold standard device to proof the potential
of our solution.

Another significant factor that has the ability to exacerbate
or mitigate sleep apnea is sleep posture. Although it is not
a significant indicator in terms of facilitating diagnosis, it
is nonetheless interesting to observe the correlation between
the data and the breathing data, as well as the dependence
of rib cage expansion on the sleeping position. Observing
sleeping posture and its integration into the prevailing thoracic
configuration is a straightforward process. A 3-axis gyroscope
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Fig. 1: Breathing: measured with a chest strap (dotted red)
and with an abdominal belt (solid red) over time as shown by
Bai et al. [8].

and 3-axis accelerometer are used to assess sleep in four
distinct positions.

Another objective is to monitor respiratory parameters dur-
ing diurnal activities. By comparing these recorded data, it
may be possible to draw conclusions about exertion, stress,
or similar. Ultimately, the final data are to be presented and
prepared for evaluation.

II. RELATED WORK

We briefly describe the process of polysomnography and
to highlight which aspects of breathing are of particular
significance and can be quantified with the use of a chest belt.

PSG is a diagnostic procedure that enables the objective
assessment of sleep and sleep associated disorders. According
to Markun et al. [1]. PSG records multiple physiological
activities during sleep and is the gold standard for sleep
studies and diagnosing sleep disorders, especially those related
to breathing. It is crucial when medical history alone is
insufficient for diagnosis.

Certain components are crucial in recognizing that sleep
disorders are related to breathing, such as respiratory flow,
effort, rate, depth, and pattern, as noted by Martinot et al. [2].
The assessment of respiratory effort is particularly vital, as
highlighted by Park et al. [3].

According to Vandenbussche et al. [4], the standard PSG
setup uses two belts. A chest strap alone may suffice for
monitoring respiratory rate or in thoracic-breathing patients.
For sleep-related breathing disorders, using a chest strap
alone or combined with an abdominal strap is crucial due
to complex sleep breathing patterns, especially in obstructive
sleep apnea (OSA). Monitoring respiratory efforts is essential
to distinguish between obstructive sleep apnea (OSA) and
central sleep apnea (CSA). A chest strap using respiratory-
induced plethysmography (RIP) offers a non-invasive way
to measure respiratory effort, which involves the necessary
muscular activity for breathing [4]. The gold standard [5],
for measuring respiratory effort non-invasively is the RIP.
According to the definition of the American Academy of Sleep
Medicine (AASM), an apnea lasts at least 10 seconds [6].

Landry et al. [7] extensively researched the link between
sleep position and obstructive sleep apnea (OSA). Thus, it’s
crucial to consider the patient’s usual sleep position when
interpreting PSG results. Our protype can distinguish between
sleep positions, while monitory the chest cage expansion.

A. Sensors and Methods
Vandenbussche et al. [4] demonstrate how to measure effort,

rate, depth, and pattern with non-invasive approaches. Zhang et
al. [9] describes the RIP system using two belts on the

Fig. 2: Different sleeping positions differentiated in the
study [16] and their categorisation using three Sensors.

thorax and abdomen to measure inductance changes caused
by breathing. High-frequency current flows through coils in
the belts, altering inductance as the patient breathes.

Park et al. [2] show that RIP sensor data correlates highly
with standard PSG sensors but underestimates some events
compared to nasal sensors. Polyvinylidene fluoride (PVDF)
sensors serve as an alternative [10] to RIP sensors due to their
piezoelectric properties, generating electrical signals when
deformed.

Koo et al. [6] gives detailed insights into the comparison
between the PVDF impedance belt (PVDFb) and RIP for
measuring respiratory events during PSG. They demonstrate
that PVDFb exhibits comparable event detection accuracy,
good signal quality, and high reliability. The configuration of
how a respiratory recording using a chest strap should look
like is illustrated in Figure 1.

An alternative method, shown by Kristiansen et al. [11]
uses strain gauges [12] to measure the change of the rib
cage. Liu et al. [13] examined the validity and reliability
of a recently developed wearable strain sensor (WSS) for
the purpose of measuring respiratory movements. Acquiring
values from strain gauges on skin is a multi-step procedure
as demonstrated by Langon et al. [14]. In order to directly
determine the expansion of biological material such as the
skin, a number of different types of strain gauges are described
by Lu et al. [15]. One potential method of detecting sleeping
positions is to utilise an accelerometer. Fallmann et al. [16]
use a three 3-axis accelerometers integrated into three Shim-
mer3devices were utilised to determine the subject’s sleeping
position. The employment of three sensors facilitates the
detection of relevant lower limb movements, thereby enabling
the recognition of positions with greater granularity (Figure 2).

Dohen et al. [17] described a method using a three-axis
accelerometer on the upper body to detect sleep positions,
which inspired us to use a similar categorization in our
prototype.

B. Software

Bluetooth Low Energy (BLE) is an emerging low-power
wireless technology that has found application in a variety of
contexts [18] such as home appliances and wearables. The
BLE system utilises a connection event structure, whereby
devices exchange data at regular intervals. Each connection
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TABLE I: Cost Estimate of Commercial Products

Vendor Product Price (USD)
Venier [19] Go Direct® Respiration Belt 150-300
Perfect Fit [20] PVDF Effort Belt Kits 350-950
Natus® [21] RIP Respiratory Effort Belts 1100-1200
Ours ESP, Strain Gauge, MPU, . . . < 30

Fig. 3: Component interplay of our prototype, divided into
three parts: Senors (yellow), Microcontroller (orange), Soft-
ware (purple and blue).

event can contain multiple send and receive events to transmit
data packets.

The data concerning the act of respiration is principally
represented as amplitude curves over time [6], [10]. Fur-
thermore, selecting an appropriate sampling rate is essential
for effective capture of the pertinent information within the
respiratory signal. When recording the signals with the strain
gauge sensor, a sampling rate of 10 Hz is applied to the
respiratory data [11] and is downsampled to 1 Hz for analysis.

C. Commercial Products
In Table I a number of commercial products to capture

breathing patterns are listed. Because availability and prices
vary drastically, only a price range is given, in addition to
the estimated cost for components to build our belt. Arguably
the cost of our prototype is considerably cheaper than any
commercial product.

III. PROTOTYPE DEVELOPMENT

In this section we will go through the individual conceptual
components of our prototype. In a nutshell, the data from the
measurements of breast movement and sleeping position are
recorded and sent to a data recorder which processes, stores
the data and prepares the visualizations.

The key function of the sensor in measuring chest movement
is detecting ribcage expansion and converting it into a signal.
Most sensors require a measurement processing unit with a
measuring bridge and amplifier after the sensor. The assertion
is made that a standard amplifier for bridge circuits is a
subtraction amplifier [22]. The general calculation for the
Output voltage is given in Equation 1, where the variables
denote resistores (Rn) and voltages (Ux) in the schematic
(Figure 5).

Ua = −
(
R5

R4

)
(Ue2 − Ue1) (1)

The sleep position detection sensor identifies body positions
and provides distinguishing data. Sensors attached to the
sleeper, particularly accelerometers, capture body movements
and orientation changes, allowing calculations of roll and
pitch.

Fig. 4: The ESP32 and the battery (left) are connected to the
belt (right) together with the strain gauge and the accelerom-
eter.

Pitch = θ = arcsin
ax
g

= arcsin
ax√

a2x + a2y + a2z

(2)

Roll = ϕ = arctan
ay
az

(3)

Wrona [23] show in Equation 2 and Equation 3 how to
compute pitch and roll, where ax, ay , az represent the accel-
eration components along the respective axes of a Cartesian
coordinate system and g ≈ 9.81m/s2 the gravitational force.
These values are typically obtained from an acceleration sensor
(accelerometer). The axes are aligned so that they are defined
in relation to the object of the sensor. The x-axis is defined as
forwards/backwards, the y-axis as sideways or left/right and
the z-axis as up/down.

It is possible to categorize five different body positions
during sleep using roll and pitch. Specifically, these positions
include: i) sleeping on the right side, ii) sleeping on the left
side, iii) lying on the back, iv) lying on the belly, and v) other
positions that involve sitting up or between positions. The
following categorizations in Table II can be deduced from the
extant literature by Tawil et al. [24] and Torres et al. [25] and
the fundamental principles of roll and pitch. In our practical
implementation, as depicted in Figure 3, the system is divided
into two parts.

• a wearable data recording setup, containing the belt,
the strain gauge and the accelerometer, controlled by an
ESP32; and

• an accompanying Raspberry Pi, which serves as a data
receiver, storage and visualization device.

For the strain gauge to work properly, we concentrate the
elasticity in one specific spot of the belt and keep most of
the circumference rigid. The accelerometer is also mounted
on the belt itself. The enclosure contains the ESP32 and the
battery and is connected by cable (see Figure 4). The strain
gauge is integrated into a quarter bridge configuration [14] for
high sensitivity and uses the full ADC range of the ESP32. A
Wheatstone bridge circuit and a spindle potentiometer ensure
balance and optimal sensitivity [22]. The ESP32 measures the
value at the ADC once every 100 milliseconds. To facilitate
the recording of all values, the acceleration values are also
recorded at the same rate. In addition, the values are trans-
mitted to the terminal device at an interval of 100 ms. Data
are transmitted using BLE, which offers advantages in power
consumption over WiFi for our use case, as shown in Table III.

As illustrated in Figure 5, the bridge voltage is amplified
using a subtraction amplifier. The gain is approximately 1000,
which ensures that the range of the ADC is well utilised.
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TABLE II: Sleeping positions in relation to roll and pitch, with
its optimal values.

Sleeping Position Roll [◦] Pitch [◦]
right side -90 -180
left side 90 180

back 0 0
belly 0 ±180

TABLE III: Belt power consumption for transmission proto-
cols.

Transmission CPU[MHz] Consumption [mA]
Wi-Fi 240 110
BLE 240 70
BLE 80 50

Fig. 5: Schematics of the quarter bridge and the amplifier
circuit.

Fig. 6: GUI: (left) shows the main page, (middle) shows the
display page, and (right) shows the record page.

The amplification was calculated as follows. By measuring the
bridge voltage, it was determined that the maximum change
in the bridge voltage is between 2-3 mV. To utilise the full 3.3
V ADC input voltage of the ESP32 results in an amplification
of 1000.

We use a Raspberry Pi as the BLE endpoint to store
(SQLite) recorded data, to run the user interface (see Figure 6)
and to create visualizations. Roll and Pitch are utilized to
display the sleeping positions, which are categorized using
simple if-else statements. Subsequently, the sleeping positions
are displayed using a color-coding system, in which the
background of the breathing pattern is rendered according
to the specific sleeping position. The incoming signal from
the strain gauge is filtered with a moving average filter (see
Figure 7) with an adjustable window size to reduce noise. For
all recordings presented in this paper, we applied a moving
average window of 15 samples, where each output value
represents the arithmetic mean of the most recent 15 data
points. Based on the filtered data, we create a visualization
(see Figure 8) of breathing patterns and corresponding sleep
positions.
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Fig. 7: Raw data (blue) compared to filtered data (red) using
an moving average with adaptive window.

Fig. 8: Simulated breathing pattern such as changing sleeping
positions, color mapped to indivudal states.

The data can be visualized in two ways: real-time, like an
ECG monitor, or as a complete recording to analyze breath-
ing patterns. The UI supports live-data viewing and stored
data analysis. Data can be named, added, and deleted. The
algorithm calculates respiratory rate by converting timestamps
to relative seconds, identifying and filtering signal peaks,
verifying dips between peaks, and calculating time intervals
to determine the average rate in breaths per minute.

IV. EVALUATION

In the following, we discuss the data acquired with the
belt prototype and analyze several recordings. In addition, we
examine the limitations of our prototype. The interested reader
is referred to the work of Geiger [26] for more details.

A. Self-tests
All recordings were conducted in self-tests and the same

belt was utilized for all recordings. This was positioned at the
same level as the ribcage throughout the testing process.

One potential application of the belt is to detect events
of apnea. This is achieved by holding air in the lungs after
exhalation. Figure 9 shows, that our belt is capable of detect-
ing events like respiratory arrest when breathing stops. This
phenomenon can be discerned by the absence of respiratory
movement, which results in the formation of a straight line at
the values resp. effort 120.

Figure 10 shows a simulated recording of respiratory effort,
which was obtained while the subject was sitting and not in a
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Fig. 9: Simulated breathing pattern that incorporates a pause
in breathing. During this pause, the subject is instructed to
hold their breath.

17:50:0017:50:1017:50:2017:50:3017:50:4017:50:5017:51:0017:51:1017:51:2017:51:30
Time (H:M:S)

100

125

150

175

200

225

250

275

Re
sp

. e
ffo

rt 
(a

.u
.)

Calculated breathing rate: 17.6 breaths per minute
Signal
Peaks

Fig. 10: Recording to determine the respiratory rate. The
respiratory peaks are marked in red.

state of sleep. The breathing frequency of the recorded signal
is 17.6 breaths per minute. In addition, the respiratory peaks
utilized for the calculation of the respiratory frequency are
indicated in red.

The left of Figure 11 shows the respiratory effort during a
long period of sleep. The background is colored according to
the sleeping position. It is evident that the measurement data
exhibit a high level of variability during positional transitions,
yet the measurement remains operational within the defined
positions. In addition, the initial area demonstrates the phase
of falling asleep (first 20 minutes), during which the respi-
ratory effort exhibits an increase relative to the rest of the
sleep. The right of Figure 11 illustrates the filtered image of
the respiratory effort, showing a small portion of the same
recording. The respiratory effort is indicated by the orange
line, which is mapped over a period of one minute and 30
seconds.

The top of Figure 12 shows data containing multiple
sneezes. It is evident that the implementation of a moving
average filter significantly attenuates the peaks associated with
these events, resulting in a more uniform distribution. The
instances of sneezing are denoted by red boxes. It is important
to note that the act of sneezing was challenging to record
in reality, and therefore the subject was replicated during the
recording process.

In analogy, the bottom of Figure 12 shows the recording of
multiple coughs. The application of a moving average filter
significantly reduces the presence of cough-related spikes in
the data. Consequently, coughs are more easily discernible in

Fig. 11: (Top) shows the nocturnal respiratory activity, en-
compassing the entirety of a night’s sleep. (Bottom) shows
1m30sec starting 46 min after midnight.

TABLE IV: Overview of the three measurement blocks, in-
cluding belt type, belt positions, and number of recordings.

Testname Belt Belt positions Recordings

Ultra baseline load test ESP fixed (weight test) 15
Vernier fixed (weight test) 15

Static baseline breathing ESP 3 upper / 3 lower 6
Vernier 3 lower / 3 upper 6

Dynamic breathing test ESP alternating 4
Vernier alternating 4

unfiltered data (i.e. the original data) compared to filtered data.
The cough events are marked by red boxes.

B. Comparison
To validate the reliability of the self-developed respiration

belt, measurements were compared with the Vernier Go Di-
rect® Respiration Belt (in the following referred to as Vernier
belt), a widely used experimental reference system. As stated
in the dissertation by Mahdi [27], the device is frequently used
as a benchmark in studies involving respiratory monitoring
technologies. Another justification for selecting this belt is
provided by Hayward et al. [28], who highlight that the sensor
produces a strong respiration signal with no detectable artifacts
in the raw data. They emphasize that the belt offers a non-
invasive and direct measurement of thoracic expansion, which
is considered equivalent to manual chest movement counts.
In addition, Ross et al. [29] describe the Vernier belt as a
robust physiological measurement tool capable of accurately
establishing the ground-truth respiratory rate for comparison
against novel sensing technologies. Additional evidence comes
from the Binah.ai SDK Accuracy Study [30], in which the
Vernier belt served as an approved reference device along
with a certified Masimo finger pulse oximeter, which is a gold
standard for measuring brpm. In this large-scale evaluation, the
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Fig. 12: Top: Sneeze detection - raw and the filtered data of
a test signal in which sneezing occurred twice. The sneezing
events are outlined with the red boxes. Bottom: Cough detec-
tion - raw data and filtered data of a test signal in which two
coughs were made. The coughing events are outlined with red
boxes.

belt provided the ground truth of respiratory-rate to validate a
remote photoplethysmography algorithm across diverse popu-
lations and conditions in multiple countries, including Israel,
India, South Africa and Japan.

Hayward et al. [28] also used the belt as a comparator strain-
gage chest monitor in their evaluation of a novel capacitive-
based respiration sensor. It recorded the expansion force of
the chest during controlled metronome-paced breathing and
resting conditions in healthy volunteers, serving as a reliable
reference signal. Similarly, Ross et al. [29] used the Vernier
belt as a wired respiration measurement device to establish
ground truth for comparison with a wireless Bellyband sen-
sor. By synchronizing both systems through predefined deep-
breath maneuvers, the study quantified bias and RMSE in a
wide range of respiratory-rates (10 to 70 breaths per minute),
once again demonstrating the suitability of the Vernier belt for
accurate reference measurements.

Together, these studies demonstrate that the Vernier belt
consistently provides a stable, artifact-free, and physiologically
meaningful measurement of chest expansion, which makes it
suitable to serve as a baseline reference device in experimental
respiration research.

1) Weight Test: In order to demonstrate the reliability of
the self-built belt compared to the established Vernier belt,
an ultra baseline load test was conducted. This test was
used to compare the mechanical response of the custom-built
respiratory belt with that of the Vernier belt under controlled
static loading. One end of each belt was fixed while calibrated
masses were attached to the free end, starting with 200 g and
followed by two increments of 50 g (resulting in 200 g, 250

Upper 
Position

Lower 
Position

Fig. 13: Left: the setup of the ultra baseline load test. Right:
two thoracic mounting positions of the respiratory belts.

g, and 300 g load conditions). The mounting setup is shown
on the left of Figure 13, while the testing conditions are listed
in Table IV.

For each load step, five repeated measurements were
recorded for both belts. The resulting datasets, presented in
Figure 14, include raw and moving-average–filtered signals.
The moving average filter was again set up with a window
size of 15. Across all measurements, both systems show a clear
reduction in signal variability when comparing raw data with
moving-average-filtered curves. The ESP belt exhibits more
short-term fluctuations in the raw signals, while the moving-
average traces form smooth and stable plateaus at each load
level. In contrast, the Vernier belt shows inherently lower noise
and very consistent signal behavior, with its moving-average
curves nearly overlapping across repetitions.

When comparing both belts, Vernier belt shows tighter
clustering and lower baseline noise, while the ESP belt shows
slightly greater variation between and within trials. Never-
theless, both systems reliably capture the expected stepwise
increase in tension for all load conditions, and moving-average
filtering greatly reduces the differences between them.

A small amount of transient noise occurs when additional
weights are applied, caused by brief, unavoidable oscillations
of the belt. These disturbances are short-lived and do not affect
the overall baseline assessment once the system stabilizes.

2) Baseline Tests: Following the observation that the static
weight test yielded favorable results, a more active baseline
test was conducted. This baseline test comprised six mea-
surements, each with a duration of approximately 15 minutes,
which were recorded with the subject in a supine position
while breathing naturally. Both respiratory belts were worn
concurrently, with their positions alternated between sessions.
The two positions where the belts were changed are shown
on the right of Figure 13. This ensured that each belt was
mounted three times in the lower position and three times in
the upper position. The results of the baseline tests are shown
in Figure 15.

To facilitate comparison, the correlation of the z-normalized
signals was calculated and the breaths per minute (brpm) were
determined for both devices. For both belts, a moving-average
filter with a window size of 15 was applied. The brpm values
were obtained by detecting the peaks in each signal using the
same peak-detection algorithm.
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(a) Raw data output of the Vernier belt.
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(b) Moving-average–filtered Vernier belt data.
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(c) Raw data output of the ESP belt.
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(d) Moving-average–filtered ESP belt data.

Fig. 14: Comparison of raw and moving-average–filtered signals from the Vernier belt (top row) and the custom-built ESP
belt (bottom row) during the static weight test. Starting with 200 g and followed by two increments of 50 g (resulting in 200
g, 250 g, and 300 g load conditions)

Across all six tests shown in Figure 15, the correlation
between the self-assembled belt and the Vernier belt exceeds
0.92, and the calculated brpm are essentially identical across
all recordings.

3) Respiratory Conditions: After completion of the more ac-
tive baseline test, a third test block was conducted. As depicted
in Figure 16, four dynamic breathing trials were performed
within this block to evaluate the performance of both belts
under varying respiratory conditions. Each trial adhered to the
same protocol: The sequence of breathing techniques involved
in this experiment consists of 30 seconds of normal breathing,
followed by 30 seconds of deep breathing, then 30 seconds of
shallow and fast breathing, and finally 30 seconds of breath-
holding. The experiment ends with a final phase of 30 seconds
of normal breathing. As in the previous study, both belts
were worn simultaneously and their positions were alternated
between trials. The correlation between the signals was once
more calculated using the z-normalized data.

As the rapid and shallow breathing component would be
diminished by the moving-average filter, the signals displayed
in Figure 16 represent the raw unfiltered data recorded of both
belts. In all four tests, the correlation coefficient exceeds 0.90.
A visual inspection of the signal traces further confirms that
both belts capture highly similar waveform characteristics.

Throughout the set of recordings, both belts consistently
produced essentially the same signal patterns. It should also
be noted that the belt position does not exert a substantial in-
fluence on the outcome of the measurement. This phenomenon
is evident when comparing the corresponding tests in the

reference section, specifically in Figure 15 and Figure 16,
where the belt positions have been reversed. The integrated test
design facilitates a comprehensive comparison across resting
and variable breathing patterns, allowing an assessment of
waveform similarity, breath cycle detection, and respiratory
rate accuracy that remains largely independent of belt place-
ment.

V. CONCLUSIONS

In this work, we describe the design and development
of a cost-effective belt to measure sleeping positions and
respiratory effort. We outline the technical basics and provide
some examples of breathing patterns and sleeping positions.
The functionality of the prototypical implementation was
verified to work very well when comparing the results to the
Vernier Go Direct® Respiration Belt. Moreover, the algorithm
developed to detect certain events has shown to work also on
the Vernier belt, despite targeting our own developed belt.

Several improvements are left as future work. Based on the
subjects impression, the belt is more comfortable than the Ve-
nier belt, owing to its design which is overall more lightweight.
To further reduce size, the entire measurement set-up could
be converted to a small PCB to attach directly to the belt.
By miniaturization, it is also possible to integrate a second
belt, which is then attached to the abdomen. The configuration
of the chest strap can be utilized, with an additional analog
input of the ESP32 incorporated. The employment of dual
belts facilitates the detection of OSA.

In order to reduce motion artifacts and to mitigate calibra-
tion drift, additional features need to be developed, eventually
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Fig. 15: Overview of all six basis respiratory belt tests. Across the six trials, the positions of the Vernier belt and the ESP belt
were alternated between the upper and lower chest. The plots are numbered Test 1 to Test 6 according to the order in which
the measurements were performed.

using machine learning. In order to properly develop such
mechanisms, a larger database of annotated recordings is
required. This is considered the output of a clinical trial.
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to the chronological order of the measurements. Each variable-breathing trial consists of 30s of normal breathing, 30s of deep
breathing, 30s of shallow fast breathing, 30s of breath-holding, and a final phase of 30s of normal breathing.

learning to detect sleep apnea,” Smart Health, vol. 27, p. 100373, Mar.
2023. 2, 3

[12] S. Keil, Technology and practical use of strain gages: with particular
consideration of stress analysis using strain gages. John Wiley & Sons,
2017. 2

[13] H. Liu, S. Guo, K. Zheng, X. Guo, T. Kuramoto-Ahuja, T. Sato,
K. Onoda, and H. Maruyama, “Reliability and validity of measuring
respiration movement using a wearable strain sensor in healthy subjects,”
J. of Physical Therapy Science, vol. 29, no. 9, pp. 1543–1547, 2017. 2

[14] A. L. Silva, M. Varanis, A. G. Mereles, C. Oliveira, and J. M. Balthazar,
“A study of strain and deformation measurement using the Arduino
microcontroller and strain gauges devices,” Revista Brasileira de Ensino
de Fı́sica, vol. 41, no. 3, Dec. 2018. 2, 3

[15] N. Lu, C. Lu, S. Yang, and J. Rogers, “Highly Sensitive Skin-Mountable
Strain Gauges Based Entirely on Elastomers,” Advanced Functional
Materials, vol. 22, no. 19, pp. 4044–4050, Oct. 2012. 2

[16] S. Fallmann, R. Van Veen, L. Chen, D. Walker, F. Chen, and C. Pan,
“Wearable accelerometer based extended sleep position recognition,”
in IEEE Int. Conf. on e-Health Networking, Applications and Services
(Healthcom). Dalian: IEEE, Oct. 2017, pp. 1–6. 2

[17] E. P. Doheny, M. M. Lowery, A. Russell, and S. Ryan, “Estimation of
respiration rate and sleeping position using a wearable accelerometer,”
in Int. Conf. of the IEEE Engineering in Medicine & Biology Society
(EMBC). Montreal, QC, Canada: IEEE, Jul. 2020, pp. 4668–4671. 2

[18] F. J. Dian, A. Yousefi, and S. Lim, “A practical study on Bluetooth Low
Energy (BLE) throughput,” in Information Technology, Electronics and
Mobile Communication Conference (IEMCON). Vancouver, BC: IEEE,
Nov. 2018, pp. 768–771. 2

[19] “Vernier Rasperatory Belt.” [Online]. Available: https://www.vernier.
com/product/go-direct-respiration-belt/?srsltid=AfmBOoqGIPv0diq6Y
c AdIHa079uciiYnNT6hpl9yBEVPQDCuMEvQYoC 3

[20] “Perfect Fit Rasperatory Belt.” [Online]. Available: https://webshop.ee
gtech.com/en/accessoires-for-sleep/effort/perfect-fit-respiration-belt-p
f-030-k.html 3

[21] “Natus Rasperatory Belt.” [Online]. Available: https://natus.com/neuro/
natus-xacttrace-rip-respiratory-effort-belts/ 3
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