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Abstract 

Respiratory diseases are leading causes of death and disability in the world. The recent COVID-19 pandemic is also affecting the 
respiratory system. Detecting and diagnosing respiratory diseases requires both medical professionals and the clinical environment. 
Most of the techniques used up to date were also invasive or expensive.  
Some research groups are developing hardware devices and techniques to make possible a non-invasive or even remote respiratory 
sound acquisition. These sounds are then processed and analysed for clinical, scientific, or educational purposes.  
We present the literature review of non-invasive sound acquisition devices and techniques.  
The results are about a huge number of digital tools, like microphones, wearables, or Internet of Thing devices, that can be used in 
this scope. 
Some interesting applications have been found. Some devices make easier the sound acquisition in a clinic environment, but others 
make possible daily monitoring outside that ambient. We aim to use some of these devices and include the non-invasive recorded 
respiratory sounds in a Digital Twin system for personalized health. 
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1. Introduction 

Respiratory diseases, like Chronic Obstructive Pulmonary Disease (COPD) or asthma, are leading causes of death 
and disability in the world, above all in developed countries [1]. Asthma is the most common respiratory illness. 
According to the WHO, 235 million people suffer from it, which is very common among children. About 65 million 
people suffer from COPD, and 3 million die from it each year. There are other diseases as chronic bronchitis, lung 
cancer, or pneumonia that also affect people. More children under five years are dying because of acute lower 
respiratory infections (ALRI) than from malaria, VHI, and tuberculosis [2]. COVID-19 infection is also a disease that 
is causing a vast range of problems with the respiratory system. 

The detection and diagnosis of respiratory disorders first step is to hear the breathing sounds using a stethoscope. 
This is a simple, non-invasive tool that physicians use to make auscultation. It allows them to listen better the lung 
sounds. However, the auscultation process depends on the doctor’s subjectivity [3, 4] and can be contaminated by 
environmental noise [5, 6]. There are also problems when the sound level is not loud enough. Other techniques as CT 
scan or spirometry are used to diagnose respiratory illnesses in clinical environments. They are very expensive and 
invasive. 
Respiratory sounds are vibrations generated by the movement of air through the respiratory system. They are the first 
way of detecting illnesses in the respiratory system. As it was said, they can be identified by a trained physician using 
a stethoscope. The frequency of these sounds is usually from 100 to 1000 Hz [7]. There are different ways of 
classifying these sounds. The most common pathological ones are wheezes (100-150 Hz) and crackles (about 650 
Hz). These are kind of continuous adventitious sounds (CAS), which refer to sounds that are also heard with the 
expected breath sound [8]. Obstructive sleep apnea is worthy of note. It is a common sleep disorder in which patients 
suffer pauses in breathing during sleep. Each pause can last for seconds to minutes. To detect and treat that disease, 
patients should sleep in a hospital scene, connected to different machines controlling heart rate, cerebral signals, and 
breathing [9]. 

In general, the detection of respiratory illnesses requires invasive techniques and needs a physician or other health 
specialists. This could be a tricky issue in some ways: for people living in remote locations, with patients that cannot 
move from their house, with children or other patients in which it is delicate to perform the test or in isolation situations 
as the world has suffered because of the COVID-19 pandemic. 

The application of new technologies could represent a new approach to detect and diagnose respiratory disorders. 
Electronic stethoscopes record lung sounds and transform them into digital signals that can be processed using a 
laptop. Smartphones or digital microphones could register acoustic signals from breathing. There are also devices for 
reducing noise, pre-processing, and cleaning the audio records. The aim is to make sound acquisition easier for both 
patients and physicians. The process can be automatized too, and later make electronic tools for supporting the health 
system.  

Databases with respiratory sound are being created to be used for engineering or educational purposes [10]. There 
is a research study [11] in which fake respiratory sounds are simulated using authentic sounds. The aim is a better 
train for doctors with real sounds but not in a real stressful situation and using it as a dataset for train Machine Learning 
models for respiratory diseases classification. 

Internet of Things (IoT) devices are technical gadgets that can make our lives easier. It ranges from an intelligent 
fridge to a bread toaster. They can be used to improve and personalize health (eHealth). The concept eHealth is about 
healthcare services provided via Internet. They can record and take real-time data for people with chronic diseases in 
their homes. The information is sent to the clinical professionals, and the system can detect critical situations. 
Regarding the respiratory ambient, these sounds can also be monitored outside the hospital environment. This 
information could later be used for the early detection of diseases.  

In this review, the current state of the art using non-invasive technical devices for respiratory sound detection is 
explored. This is a new research field but indicates a promising future. The paper is organized as follows. Section 2 
summarized the objectives of the paper, and the obtained results are detailed. We have classified the devices into four 
categories: electronic stethoscopes (section 2.1), sound devices (section 2.2), wearables and IoT (section 2.3), and 
smartphones (section 2.4). Then we present different systems regarding the clinic scope of application, the specific 
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Electronic stethoscopes record lung sounds and transform them into digital signals that can be processed using a 
laptop. Smartphones or digital microphones could register acoustic signals from breathing. There are also devices for 
reducing noise, pre-processing, and cleaning the audio records. The aim is to make sound acquisition easier for both 
patients and physicians. The process can be automatized too, and later make electronic tools for supporting the health 
system.  

Databases with respiratory sound are being created to be used for engineering or educational purposes [10]. There 
is a research study [11] in which fake respiratory sounds are simulated using authentic sounds. The aim is a better 
train for doctors with real sounds but not in a real stressful situation and using it as a dataset for train Machine Learning 
models for respiratory diseases classification. 
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explored. This is a new research field but indicates a promising future. The paper is organized as follows. Section 2 
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hardware used, and the system´s functionality. 

2. Non-invasive respiratory sounds acquisition 

This paper presents existing solutions for non-invasive respiratory sounds acquisition, starting with the more 
general and clinic ones and finally with the innovative ones concerning smartphones, IoT, and wearable devices. Our 
aim here is to apply this technology in Digital Twins (DT) and sleep phase monitoring research.  

 
Digital Twins are virtual representations of physical entities. They have been used in the industrial field to create 

simulations to improve and predict the behaviour of a system. In recent years, they are being used in other ambits as 
health. These kinds of models are going to make proper personalized health for everyone. Personal data is used to 
build the model, and treatments and clinic procedures can be tested in a virtual environment. The optimal solution is 
the only one that is applied to the patient. We will be able to introduce information from non-invasive sensors in our 
database. This will allow us to create more specific DT models with real-time information.  

2.1. Electronic stethoscopes 

Specific clinic technical devices are designed and built with the objective of record respiratory sounds. One of these 
devices is the electronic stethoscope. These devices can amplify and record respiratory and heart sounds. These 
acoustic signals are converted into electrical signals and saved as digital files. This allows for better processing and 
transmission of the data. Most of them have extra functionality as noise-cancelling or signal processing elements [12].  

Such digital stethoscope could be used as the traditional one. The physician makes the patient's auscultation with 
the stethoscope as usual, but sounds detected have also been recording. The sound must be heard in both conditions 
breathing and talking, and in different parts of the chest and back [13].  

Some research groups use an electronic stethoscope to generate input data for further analysis or classification 
using Machine Learning algorithms like convolutional neural networks (CNN) or support vector machines (SVM). 
They aim to detect and support the diagnosis of respiratory disorders [14-16]. Most of the electronic stethoscopes used 
in the research experiments are commercial solutions. 

R. Liu, S. et al. [8], and Emmanouilidou, D. et al. [6] used digital stethoscopes in their experiment of creating a 
model for the detection of respiratory sounds in children. This is usually a complex process because children are 
sometimes crying or moving, and parents were talking. Their respiratory sounds are also weaker than adults. 
Furthermore, R. Liu, S. et al. [8] try to detect adventitious respiratory sounds. They use the recorded data to train and 
test a CNN model to classify the sounds between wheeze ad crackle to make more accessible the diagnose of asthma 
in children. They record paediatric respiratory sounds from several hospitals in Shenygang and Shangai. The recorded 
data was divided into two second-length audio files. The electronic stethoscope used is Smartho-D2.  

Bandyopadhyaya, I. et al. [3] carried out a recording environment using an electronic stethoscope in a four-channel 
lung sound signal (LSS) data acquisition system (DAS). Microphones are used to amplify the signal that is detected 
by stethoscopes. They record acoustic signals in four sites in the patients' bodies, sitting, and in a quiet environment. 
The signals were amplified to 2000 Hz because evidence exists that the essential information of respiratory sounds is 
limited to this frequency. The data were digitalized using external sound cards and saved in 'wav' format.  

On the other hand, Aykanat, M. et al. [4] built their electronic stethoscope using a small and directional 
microphone. It had noise problems when meets dry skin and hair. They solve that problem by lubricating the area of 
contact. The stethoscope can connect with a laptop. It is used for data acquisition in three different hospitals. They 
monitor 1630 patients, each one with 11 different positions of the stethoscope. The vast amount of data recorded is 
involved in a feature extraction process using machine learning techniques.   

Research exists in quiet and noisy frames for children and adults and a great set of respiratory disorders. In 
conclusion, there are different examples of applications of electronic stethoscopes. One key issue is that real clinic 
environments are usually not quiet, so it is a significant objective to record useful sounds in these situations.  
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2.2. Sound acquisition devices 

Sound recording devices have been used in the music industry for many years. They can be used as a non-invasive 
way of obtaining respiratory sounds. These devices are usually able to minimize ambient noise and improve sound 
quality. They also have specific software and applications to manipulate the audio recorded. They are significantly 
related to the operation of a digital stethoscope. Microphones are used to amplify their signal. They are used in 
literature to record both respiratory and ambient sounds. 

They are applied in the research from van Gilst, M.M. et al. [10]. Here they create a non-invasive environment for 
sleep monitoring. Metrics as respiratory effort, airflow, or oxygen saturation are recorded with different machines. 
Grael Trachel Microphone (Compumedics, Australia) is used for the acquisition of snoring sounds. M23 microphones 
(Eatworks, USA) and ECM8000 microphones (Behringer, Germany) are used for acoustic environment signal 
registration. These microphones are placed at different heights (60-120 cm) around the bed where the patient sleeps. 
For respiration, the signal is processed with a low-pass 15 Hz filter to reduce the effect of hearth sounds. For snoring, 
the records are limited between 30 and 450 Hz. This technique seems to have an excellent potential for the non-
invasive monitoring of sleep disorders.  

They are also used in mentioned research from Emmanouilidou, D. et al. [6]. They use a commercial stethoscope 
to perform digital paediatric auscultation in eight body locations. They also used a microphone to record the ambient 
sound to evaluate the quality of the audio scripts. They classify the data in interpretable (high quality) and non-
interpretable sounds (missing records, noise, etc.) using the information recorded.  

2.3. Wearables and IoT 

Wearables are mobile devices that many people use in their daily lives nowadays. They are small, light, and usually 
have a wireless connection. IoT is about every "thing" connected to the Internet. With recent technology advances, 
everyday things as a fridge or a vacuum cleaner will be "intelligent". This will make it possible to create a network of 
AI devices and sensors to control and monitor a vast amount of data. These devices can be used for monitoring 
respiratory suffers in their homes. The future remote and personalized health systems will be based on them [17]. 

In general, IoT systems combining fixed data acquisition devices and wireless connections to store the information. 
For example, Velvizhi, R. et al. [18] proposed an IoT-based architecture for cough detection. The system would have 
acoustic sensors placed in different rooms at the patient's house and an Internet connection for sharing data with 
physicians or emergency services. 

More common wearable systems for respiratory sound acquisition are usually about a wireless acoustic sensor that 
the patient wears, connected to a smartphone for data storage [19, 20].  
Some of them are based on electronic stethoscopes. These devices have an acoustic sensor similar to the stethoscope 
and other parts as a microprocessor or an amplifier circuit; they can amplify and process the recorded signals. The 
patient is wearing the sensor using a chest or shoulder elastic band to be close to the thoracic region. They must be 
light and easy to wear in daily life. For instance, Li, S.-H. et al. [21] develop a wearable device that can record breath 
sounds and transfer them wirelessly to a host system using Bluetooth technology. It allows real-time monitoring of 
the patient outside the hospital. Some devices record not only respiratory sounds but chest movements [22-24]. For 
example, the system developed by Ghahjaverestan, M. et al. [23] is a tiny wearable that combines a microphone and 
an accelerometer. They also collect data with other machines as electroencephalograms (ECG) or polysomnography 
(PLS). This information is used for automatic respiratory phase identification in patients with sleep apnea. The device 
designed by Gupta, P. et al. [24] also has an acoustic sensor and an accelerometer in order to acquire cardiopulmonary 
physiological data as heart sounds or respiratory rate. Oletic, D.  and Bilas, V. [19, 20] make research about creating 
more efficient and less power consumption wearables sensor for monitoring asthma patients. They evaluate aspects 
as the low-power battery, the circuit for Bluetooth communication, and the circuit for signal acquisition.  

Cotur, Y. et al. [25] point out that the sensor must contact bare skin. In some cases, it is difficult when motorizing 
people or animals. The sensor's material needs to be elastic and comfortable too. The purpose of a stretchable wearable 
consisted of a silicone membrane with a microelectronic sensor inside. The acoustic waves are propagated by a few 
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On the other hand, Aykanat, M. et al. [4] built their electronic stethoscope using a small and directional 
microphone. It had noise problems when meets dry skin and hair. They solve that problem by lubricating the area of 
contact. The stethoscope can connect with a laptop. It is used for data acquisition in three different hospitals. They 
monitor 1630 patients, each one with 11 different positions of the stethoscope. The vast amount of data recorded is 
involved in a feature extraction process using machine learning techniques.   

Research exists in quiet and noisy frames for children and adults and a great set of respiratory disorders. In 
conclusion, there are different examples of applications of electronic stethoscopes. One key issue is that real clinic 
environments are usually not quiet, so it is a significant objective to record useful sounds in these situations.  
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2.2. Sound acquisition devices 

Sound recording devices have been used in the music industry for many years. They can be used as a non-invasive 
way of obtaining respiratory sounds. These devices are usually able to minimize ambient noise and improve sound 
quality. They also have specific software and applications to manipulate the audio recorded. They are significantly 
related to the operation of a digital stethoscope. Microphones are used to amplify their signal. They are used in 
literature to record both respiratory and ambient sounds. 

They are applied in the research from van Gilst, M.M. et al. [10]. Here they create a non-invasive environment for 
sleep monitoring. Metrics as respiratory effort, airflow, or oxygen saturation are recorded with different machines. 
Grael Trachel Microphone (Compumedics, Australia) is used for the acquisition of snoring sounds. M23 microphones 
(Eatworks, USA) and ECM8000 microphones (Behringer, Germany) are used for acoustic environment signal 
registration. These microphones are placed at different heights (60-120 cm) around the bed where the patient sleeps. 
For respiration, the signal is processed with a low-pass 15 Hz filter to reduce the effect of hearth sounds. For snoring, 
the records are limited between 30 and 450 Hz. This technique seems to have an excellent potential for the non-
invasive monitoring of sleep disorders.  

They are also used in mentioned research from Emmanouilidou, D. et al. [6]. They use a commercial stethoscope 
to perform digital paediatric auscultation in eight body locations. They also used a microphone to record the ambient 
sound to evaluate the quality of the audio scripts. They classify the data in interpretable (high quality) and non-
interpretable sounds (missing records, noise, etc.) using the information recorded.  

2.3. Wearables and IoT 

Wearables are mobile devices that many people use in their daily lives nowadays. They are small, light, and usually 
have a wireless connection. IoT is about every "thing" connected to the Internet. With recent technology advances, 
everyday things as a fridge or a vacuum cleaner will be "intelligent". This will make it possible to create a network of 
AI devices and sensors to control and monitor a vast amount of data. These devices can be used for monitoring 
respiratory suffers in their homes. The future remote and personalized health systems will be based on them [17]. 

In general, IoT systems combining fixed data acquisition devices and wireless connections to store the information. 
For example, Velvizhi, R. et al. [18] proposed an IoT-based architecture for cough detection. The system would have 
acoustic sensors placed in different rooms at the patient's house and an Internet connection for sharing data with 
physicians or emergency services. 

More common wearable systems for respiratory sound acquisition are usually about a wireless acoustic sensor that 
the patient wears, connected to a smartphone for data storage [19, 20].  
Some of them are based on electronic stethoscopes. These devices have an acoustic sensor similar to the stethoscope 
and other parts as a microprocessor or an amplifier circuit; they can amplify and process the recorded signals. The 
patient is wearing the sensor using a chest or shoulder elastic band to be close to the thoracic region. They must be 
light and easy to wear in daily life. For instance, Li, S.-H. et al. [21] develop a wearable device that can record breath 
sounds and transfer them wirelessly to a host system using Bluetooth technology. It allows real-time monitoring of 
the patient outside the hospital. Some devices record not only respiratory sounds but chest movements [22-24]. For 
example, the system developed by Ghahjaverestan, M. et al. [23] is a tiny wearable that combines a microphone and 
an accelerometer. They also collect data with other machines as electroencephalograms (ECG) or polysomnography 
(PLS). This information is used for automatic respiratory phase identification in patients with sleep apnea. The device 
designed by Gupta, P. et al. [24] also has an acoustic sensor and an accelerometer in order to acquire cardiopulmonary 
physiological data as heart sounds or respiratory rate. Oletic, D.  and Bilas, V. [19, 20] make research about creating 
more efficient and less power consumption wearables sensor for monitoring asthma patients. They evaluate aspects 
as the low-power battery, the circuit for Bluetooth communication, and the circuit for signal acquisition.  

Cotur, Y. et al. [25] point out that the sensor must contact bare skin. In some cases, it is difficult when motorizing 
people or animals. The sensor's material needs to be elastic and comfortable too. The purpose of a stretchable wearable 
consisted of a silicone membrane with a microelectronic sensor inside. The acoustic waves are propagated by a few 
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water or hydrogel inside the silicone capsule. The sensor can be worn over clothes or hairy skin. It was reported good 
results with heart monitoring but only preliminary ones with respiratory sounds.  

Some research groups designed multimodal wearable systems to record breath sounds and heart rate, ECG, or 
oxygen saturation [26-29]. For instance, Bor-Shing, L. et al. [27] designed a wearable device for the Six-Minute 
Walking test performing. This test is used for respiratory capacity measurement, and they proposed a multiparameter 
monitoring system to record data about breathing sounds, oxygen saturation, ECG, and walking at the same time. The 
system was combining different wearable sensors placed in the patient's chest and ankle. The devices are connected 
to a host system via Bluetooth. 

Furthermore, Chen, X. et al. [28] fabricated an innovative e-skin based wearable with both monitoring and sound 
alarm function. It detects physiological signals as breath or heartbeat to be applied for cardiovascular diseases or sleep 
apnea monitoring. The alarm function is activated when abnormal signals are detected. Besides, Yin, S. et al [29] uses 
an IoT system for monitoring athletes' respiratory measurements. Intelligent clothing is used for heart, respiratory, 
and movement data acquisition. A smartphone controls the process. 

Muscles as intercostals and diaphragm are essential for breathing. Some wearable solutions can measure these 
muscles' movement or activity to evaluate the respiratory functions. Yilmaz, G. et al. [30] proposed a wearable 
"stethoscope" that is not using air as a propagation medium. It is a contact microphone in a silicone rubber which is 
in contact with the skin. It does not detect the respiratory sound but the diaphragm movement. In addition, Uduak, 
Z.G., et al. [31] designed and implemented their device using commercial EMG (Electromyography) patches. 
Electromyography is a medicine technique for evaluating the electrical activity of the muscles. Here it is used to 
monitoring intercostals and diaphragm. The sensor is tiny and light and has Bluetooth Low Energy (BLE) connection 
to transmit information to a smartphone or laptop.  

2.4. Mobile phones 

Some research articles are using a smartphone for recording respiratory sounds. The use of the built-in microphone 
of these devices is a low-cost, contact-free, trustable, and straightforward solution for breathing monitoring [32-36]. 
It can help monitor patients during the night for improving the treatment of some disorders, like sleep apnea [33, 34] 
or asthma [35]. Snoring is studied as a critical sound for these diseases. These systems have been tested with real 
subjects, but more studies and clinical validation are required [32-35]. Another example is the research of Bokov, P. 
et al. [36]. They use a smartphone for recording respiratory sounds in paediatric patients. The device was placed close 
to the mouth (5-10 cm) of children. Its microphone has a sensitivity of 94 dB, and recording software was installed. 
The data is used for wheeze recognition using an SVM classifier. Clinical professionals have validated the system. 
Both Apple [32,33] and Android [34, 35, 36] devices are used in this field.  

Other research groups use smartphones to control the sound acquisition process [37, 38]. For example, Reyes, B. 
A. et al. [37] develop an automatic system to detect crackle sounds. They built an acoustic sensor with a commercial 
microphone and connect it to the 3.5 mm audio input of an Android smartphone. They also created an app, which is 
installed on the smartphone. It displays and processes the functionality of the system. The app takes 15 seconds to 
detect a crackling sound after receiving data using a machine learning model. 

Furthermore, Reyes, B.A. et al. [39] used acoustic sensors connected to smartphones too. They compare Android 
and Apple devices for tracheal sound acquisition. Then they created an automatic respiratory sound monitoring and 
classification system with Android smartphones [40]. They used a spirometer to measure the airflow, one smartphone 
video camera for recording chest movement, and an acoustic sensor connected to other smartphone audio input for 
tracheal sounds. Video recordings are dropped to 25 fps and converted to RGB format. The recorded data is transfer 
to a computer for further processing and analysis.  

On the other hand, there are some mobile applications related to sound acquisition related to respiratory diseases. 
For example, a recent study about COVID-19 [41] proposed an interactive app for self-diagnosis of respiratory 
diseases (including COVID-19) using the user breathing sound recorded by the smartphone microphone. However, 
the detection of COVID-19 with only respiratory sounds has not been studied yet. The first step, according to the 
article, is to create a coronavirus breathing sound database. Vallejo Valdezate, L. et al. [42] have created an engaging 
mobile app for using a smartphone as a stethoscope. Health professional with hearing impairments have severe 
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difficulties in recognizing body sounds as heartbeat or breathing. This article presents an app for recording these 
sounds (using the smartphone's microphone or a high-quality external one) and transmitting them to the doctor's 
headphones via Bluetooth. The data is processed and saved in .wav format and can be sent to a computer.  

Table 1 summarized all the devices, their function, and the specific clinic scope in where they have been tested or 
designed.  

  
 
Table 1. Device summary. 

 
Kind of device Hardware  Clinic scope Function References 

ELECTRONIC 

STETHOSCOPE 

Commercial 

stethoscope 

Pediatrics 

 

Sound 
acquisition 

[6], [8] 

Stethoscope + 
microphone 

Respiratory Sound 
acquisition 

[3] 

Own built 
stethoscope 

Sleep disorders 

 

Sound 
acquisition 

[4] 

SOUND ACQUISITION  

DEVICES 

Commercial 

Microphone 

Pediatrics  Ambiental 
sound 

[6] 

Microphone + 
other devices 

Sleep disorders Sound 
acquisition 

[10] 

WEARABLES + IoT Chest wearable Respiratory Sound 
acquisition 

[19], [20], [21], 
[25] 

Chest 
movement 
acquisition 

[30], [31] 

Chest wearable + 

Accelerometer 

Respiratory Resp. sounds + 
chest 
movement 

[22] [23], [24] 

Wearable + other 
machines 

Cardiorespiratory Physiological 
metrics 

[26], [27] 

Clothes Sleep disorders Physiological 
metrics 

[28] 

Sport Physiological 
metrics 

[29] 

Fixed sensor at 
home 

Respiratory Sound 
acquisition 

[18] 

MOBILE PHONES Built-in 
microphone 

Asthma  Sound 
acquisition 

[32], [35] 

Sleep disorders [33], [34] 

Pediatric [36] 

CPU Respiratory Control 
acquisition 
process 

[37], [38] 

Camera Respiratory Chest 
movement 

[39], [40] 

Apps COVID-19 Diagnosis [41] 

Hearing Resp. sounds [42] 
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water or hydrogel inside the silicone capsule. The sensor can be worn over clothes or hairy skin. It was reported good 
results with heart monitoring but only preliminary ones with respiratory sounds.  

Some research groups designed multimodal wearable systems to record breath sounds and heart rate, ECG, or 
oxygen saturation [26-29]. For instance, Bor-Shing, L. et al. [27] designed a wearable device for the Six-Minute 
Walking test performing. This test is used for respiratory capacity measurement, and they proposed a multiparameter 
monitoring system to record data about breathing sounds, oxygen saturation, ECG, and walking at the same time. The 
system was combining different wearable sensors placed in the patient's chest and ankle. The devices are connected 
to a host system via Bluetooth. 

Furthermore, Chen, X. et al. [28] fabricated an innovative e-skin based wearable with both monitoring and sound 
alarm function. It detects physiological signals as breath or heartbeat to be applied for cardiovascular diseases or sleep 
apnea monitoring. The alarm function is activated when abnormal signals are detected. Besides, Yin, S. et al [29] uses 
an IoT system for monitoring athletes' respiratory measurements. Intelligent clothing is used for heart, respiratory, 
and movement data acquisition. A smartphone controls the process. 

Muscles as intercostals and diaphragm are essential for breathing. Some wearable solutions can measure these 
muscles' movement or activity to evaluate the respiratory functions. Yilmaz, G. et al. [30] proposed a wearable 
"stethoscope" that is not using air as a propagation medium. It is a contact microphone in a silicone rubber which is 
in contact with the skin. It does not detect the respiratory sound but the diaphragm movement. In addition, Uduak, 
Z.G., et al. [31] designed and implemented their device using commercial EMG (Electromyography) patches. 
Electromyography is a medicine technique for evaluating the electrical activity of the muscles. Here it is used to 
monitoring intercostals and diaphragm. The sensor is tiny and light and has Bluetooth Low Energy (BLE) connection 
to transmit information to a smartphone or laptop.  

2.4. Mobile phones 

Some research articles are using a smartphone for recording respiratory sounds. The use of the built-in microphone 
of these devices is a low-cost, contact-free, trustable, and straightforward solution for breathing monitoring [32-36]. 
It can help monitor patients during the night for improving the treatment of some disorders, like sleep apnea [33, 34] 
or asthma [35]. Snoring is studied as a critical sound for these diseases. These systems have been tested with real 
subjects, but more studies and clinical validation are required [32-35]. Another example is the research of Bokov, P. 
et al. [36]. They use a smartphone for recording respiratory sounds in paediatric patients. The device was placed close 
to the mouth (5-10 cm) of children. Its microphone has a sensitivity of 94 dB, and recording software was installed. 
The data is used for wheeze recognition using an SVM classifier. Clinical professionals have validated the system. 
Both Apple [32,33] and Android [34, 35, 36] devices are used in this field.  

Other research groups use smartphones to control the sound acquisition process [37, 38]. For example, Reyes, B. 
A. et al. [37] develop an automatic system to detect crackle sounds. They built an acoustic sensor with a commercial 
microphone and connect it to the 3.5 mm audio input of an Android smartphone. They also created an app, which is 
installed on the smartphone. It displays and processes the functionality of the system. The app takes 15 seconds to 
detect a crackling sound after receiving data using a machine learning model. 

Furthermore, Reyes, B.A. et al. [39] used acoustic sensors connected to smartphones too. They compare Android 
and Apple devices for tracheal sound acquisition. Then they created an automatic respiratory sound monitoring and 
classification system with Android smartphones [40]. They used a spirometer to measure the airflow, one smartphone 
video camera for recording chest movement, and an acoustic sensor connected to other smartphone audio input for 
tracheal sounds. Video recordings are dropped to 25 fps and converted to RGB format. The recorded data is transfer 
to a computer for further processing and analysis.  

On the other hand, there are some mobile applications related to sound acquisition related to respiratory diseases. 
For example, a recent study about COVID-19 [41] proposed an interactive app for self-diagnosis of respiratory 
diseases (including COVID-19) using the user breathing sound recorded by the smartphone microphone. However, 
the detection of COVID-19 with only respiratory sounds has not been studied yet. The first step, according to the 
article, is to create a coronavirus breathing sound database. Vallejo Valdezate, L. et al. [42] have created an engaging 
mobile app for using a smartphone as a stethoscope. Health professional with hearing impairments have severe 
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difficulties in recognizing body sounds as heartbeat or breathing. This article presents an app for recording these 
sounds (using the smartphone's microphone or a high-quality external one) and transmitting them to the doctor's 
headphones via Bluetooth. The data is processed and saved in .wav format and can be sent to a computer.  

Table 1 summarized all the devices, their function, and the specific clinic scope in where they have been tested or 
designed.  

  
 
Table 1. Device summary. 

 
Kind of device Hardware  Clinic scope Function References 

ELECTRONIC 

STETHOSCOPE 

Commercial 

stethoscope 

Pediatrics 

 

Sound 
acquisition 

[6], [8] 

Stethoscope + 
microphone 

Respiratory Sound 
acquisition 

[3] 

Own built 
stethoscope 
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Sound 
acquisition 

[4] 

SOUND ACQUISITION  

DEVICES 

Commercial 

Microphone 

Pediatrics  Ambiental 
sound 

[6] 

Microphone + 
other devices 

Sleep disorders Sound 
acquisition 

[10] 

WEARABLES + IoT Chest wearable Respiratory Sound 
acquisition 

[19], [20], [21], 
[25] 

Chest 
movement 
acquisition 

[30], [31] 

Chest wearable + 

Accelerometer 

Respiratory Resp. sounds + 
chest 
movement 

[22] [23], [24] 

Wearable + other 
machines 

Cardiorespiratory Physiological 
metrics 

[26], [27] 

Clothes Sleep disorders Physiological 
metrics 

[28] 

Sport Physiological 
metrics 

[29] 

Fixed sensor at 
home 

Respiratory Sound 
acquisition 

[18] 

MOBILE PHONES Built-in 
microphone 

Asthma  Sound 
acquisition 

[32], [35] 

Sleep disorders [33], [34] 

Pediatric [36] 

CPU Respiratory Control 
acquisition 
process 

[37], [38] 

Camera Respiratory Chest 
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[39], [40] 

Apps COVID-19 Diagnosis [41] 

Hearing Resp. sounds [42] 
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3. Conclusions 

The main objectives when using new technologies for respiratory sound acquisition are developing non-invasive 
methods and creating the possibility to monitoring patients out of the hospital. Both purposes are possible with these 
devices. We are going to apply them in further research to improve both sleep monitoring and personalized health 
care using Digital Twins [43,44]. 

Technological items as electronic stethoscopes and microphones are used nowadays to improve sound acquisition 
in clinical environments. In this case, most of them are related to sleep apnea and pediatric respiratory 
diseases. This is because data in these illnesses is difficult to record in a non-invasive way. The devices 
mentioned achieve good results and improve the traditional methods of hearing and then analyzing 
respiratory sounds. Some of them have been tested in a real clinic environment. However, when using 
electronic stethoscopes, we still need the patient in a clinical ambient. Recording data from patients at home 
is only possible when we use mobile devices as wearables, smartphones, and IoT items. Further studies need 
to be done in the field of integrating this data in health systems.  

Smartphones are used to record hours of sounds to detect disorders and play apps related to illness diagnosis. They 
are a powerful and easy-access device. Wearable and IoT sensors are more related to a continuous monitorization of 
the patient. Different materials and detection technologies are used to record respiratory sounds or other measurements 
related to lung function, like chest movement. Wearable devices need to be comfortable, easy to wear and transmit 
the recorded data.  

In conclusion, electronic devices improve sound acquisition, and mobile ones will revolutionize it, evolving to 
personalized health. These devices are going to make easier providing health care remotely, monitoring patients at 
home. This is called telemedicine or telehealth, in which information and telecommunication technologies are used to 
reduce hospital visits with less costs for both patients and health systems [45]. 

Acknowledgments 

This research has been partially supported by the Evolving towards DIgital Twins in Healthcare (EDITH) 
Research Project (PGC2018-102145-B-C21, C22 (AEI/FEDER, UE)), funded by the Spanish Ministry of Science, 
Innovation, and Universities. 

References 

[1] Forum of International Respiratory Societies (2017). “The Global Impact of Respiratory Disease – Second Edition.” Sheffi eld, European 
Respiratory Society. 

[2] Liu, L. et al. (2017) “Global, regional, and national causes of under-5 mortality in 2000–15: an updated systematic analysis with implications 
for the sustainable development goals,” Lancet, 388 (10063): 3027–3035 

[3] Bandyopadhyaya, I., Islam M.A., Bhattacharyya P., Saha G. (2021) “Automatic lung sound cycle extraction from single and multichannel 
acoustic recordings.” Biomedical Signal Processing and Control 64. 

[4] Aykanat, M., Kılıç, Ö., Kurt, B. et al. (2017) “Classification of lung sounds using convolutional neural networks.” J Image Video Proc. 65. 
https://doi.org/10.1186/s13640-017-0213-2. 

[5] De La Torre Cruz J., Cañadas Quesada F.J., Carabias Orti J.J, Vera Candeas P., Ruiz Reyes N. (2020) “Combining a recursive approach via 
non-negative matrix factorization and Gini index sparsity to improve reliable detection of wheezing sounds.” Expert Systems with Applications 
147. https://doi.org/10.1016/j.eswa.2020.113212. 

[6] Emmanouilidou D., McCoullum E.D., Park E.D, Elhilai, M. (2018) “Computerized Lung Sound Screening for Pediatric Auscultation in Noisy 
Field Environments”. IEEE Transactions on Biomedical Engineering 65 (7): 1564-1573. 

[7] Ohshimo S., Sadamori T., Tanigawa K. (2106) “Innovation in Analysis of Respiratory Sounds.” Ann Intern Med. 164 (9): 638-9. 
[8] Liu, R., Cai S., Zhang, K., Hu, N. (2019) "Detection of Adventitious Respiratory Sounds based on Convolutional Neural Network." ICIIBMS: 

298-303 
[9] White, D.P. (2006) “Sleep apnea”. Proceedings of the American Thoracic Society 3: 124-128. 
[10] van Gilst M.M., et al. (2019) “Protocol of the SOMNIA project: an observational study to create a neurophysiological database for advanced 

clinical sleep monitoring”. BMJ Open 9 (11). doi:10.1136/bmjopen-2019-030996. 
[11] Vieira, C., Alves, A., Cohelo, P. (2020) “Simulation of Abnormal Physiological Signals in a Phantom for Bioengineering Education.” 

International Journal of Online and Biomedical Engineering 16 (14). 

 A. Troncoso et al. / Procedia Computer Science 00 (2021) 000–000 

 

[12] Tan S., R. Chai, K. T., Wang, C., Ghista, D., Zhong, L. (2015). “The electronic stethoscope.” Biomedical engineering online, 14 (66): 298-
303. https://doi.org/10.1186/s12938-015-0056-y   

[13] Gazitúa, R. (2007) Manual de Semiología. http://publicacionesmedicina.uc.cl/ManualSemiologia/Default.html  
[14] Aras, S., Ozturk, M., Gangal, A. (2018). “Automatic detection of the respiratory cycle from recorded, single-channel sounds from lungs.” 

Turkish Journal of Electrical Engineering and Computer Sciences 26: 11-22. 10.3906/elk-1705-16. 
[15] Rodgers W.G., Lau Young L.J., Desaive T., Shaw, G.M., Chase, J.G. (2017) “A proof of concept study of acoustic sensing of lung recruitment 

during mechanical ventilation.” Biomedical Signal Processing and Control 32: 130-142. 
[16] Lozano-García, M., Fiz, J.A., Martínez-Rivera, C., Torrents, A., Ruiz-Manzano, J., et al. (2017) “Novel approach to continuous adventitious 
respiratory sound analysis for the assessment of bronchodilator response.” PLOS ONE 12 (2): e0171455. 
https://doi.org/10.1371/journal.pone.0171455. 
[17] Kumar, A., Abhishek, K., Ghalib, M.R., et al. (2020) “Towards cough sound analysis using the Internet of things and deep learning for 
pulmonary disease prediction.” Trans Emerging Tel Tech. e4184. https://doi.org/10.1002/ett.4184 
 [18] Velvizhi1, R., Nandhini, P. (2019) “Detection of Severity of Chronic Cough in Elders and Children using Machine Learning” Journal of 
Mechanics of Continua and Mathematical Sciences 2: 226-230. 
[19] Oletic, D., Bilas, V. (2018) "System-Level Power Consumption Analysis of the Wearable Asthmatic Wheeze Quantification", Journal of 
Sensors. ID 6564158. https://doi.org/10.1155/2018/6564158 
[20] Oletic, D., and Bilas, V. (2016) "Energy-Efficient Respiratory Sounds Sensing for Personal Mobile Asthma Monitoring."  IEEE Sensors 
Journal 16 (23): 8295-8303. doi: 10.1109/JSEN.2016.2585039 
[21] Li, S.-H., Lin, B.-S., Tsai, C.-H., Yang, C.-T., Lin, B.-S. (2017) “Design of Wearable Breathing Sound Monitoring System for Real-Time 
Wheeze Detection.” Sensors, 17(12), 171. doi:10.3390/s17010171 
[22] Yuasa, Y., Suzuki, K. (2019) “Wearable Device for Monitoring Respiratory Phases Based on Breathing Sound and Chest Movement.” 
Advanced Biomedical Engineering, 8: 85-91. ISSN 2187-5219. https://doi.org/10.14326/abe.8.85 
[23] Gupta, P., Moghimi, M.J., Jeong, Y. et al. (2020) “Precision wearable accelerometer contact microphones for longitudinal monitoring of 
mechano-acoustic cardiopulmonary signals.” Digit. Med. 3 (19). https://doi.org/10.1038/s41746-020-0225-7 
[24] Montazeri Ghahjaverestan, N., Kabir, M., Saha, S. et al. (2021) “Automatic Respiratory Phase Identification Using Tracheal Sounds and 
Movements During Sleep.” Ann Biomed Eng. https://doi.org/10.1007/s10439-020-02651-5 
[25] Cotur, Y., Kasimatis, M., Kaisti, M., Olenik, S., Georgiou, C., Güder, F. (2020) “Stretchable Composite Acoustic Transducer for Wearable 
Monitoring of Vital Signs.” Adv. Funct. Mater, 30, 1910288.  
[26] Bor-Shing, L., Ruei-Jie, J., Bor-Shyh, L. (2019) “Wearable Cardiopulmonary Function Evaluation System for Six-Minute Walking Test.” 
Sensors 19 (21). 4656 
[27] Frerichs, I. et al (2020) “Multimodal remote chest monitoring system with wearable sensors: a validation study in healthy subjects.” Physiol. 
Meas. 41 015006  
[28] Chen, X., Luo, F., Yuan, M., Xie, D., Shen, L., Zheng, K., Wang, Z., Li, X., Tao, L.‐Q. (2019) “A Dual‐Functional Graphene‐Based Self‐
Alarm Health‐Monitoring E‐Skin.” Adv. Funct. Mater. 29. 1904706. https://doi.org/10.1002/adfm.201904706 
[29] Yin, S., Fang, H., Hou, X. (2020) “Athlete’s respiratory frequency and physical energy consumption model based on speech recognition 
technology.” Int J Speech Technol 23: 389–397. https://doi.org/10.1007/s10772-020-09685-z 
[30] Yilmaz, G., Rapin, M., Pessoa, D., Rocha, B. M., de Sousa, A. M., Rusconi, R., Chételat, O. et al. (2020). “A Wearable Stethoscope for Long-
Term Ambulatory Respiratory Health Monitoring.” Sensors, 20 (18), 5124. doi:10.3390/s20185124 
[31] geoirge Kee, S.M., Sung, Q.L. (2021) "Extraction and Analysis of Respiratory Motion Using a Comprehensive Wearable Health Monitoring 
System" Sensors 21 (4): 1393. https://doi.org/10.3390/s21041393 
[32] Nam, Y.., Reyes, B.A., Chon, K.H. (2016) “Estimation of Respiratory Rates Using the Built-in Microphone of a Smartphone or Headset.” 
IEEE J Biomed Health Inform. 20 (6):1493-1501. doi: 10.1109/JBHI.2015.2480838.  
[33] Markandeya, M.N., Aberyratne, U.R., Hukins, C. (2020) “Overnight airway obstruction severity prediction centered on acoustic properties of 
smart phone: validation with esophageal pressure.” Physiol. Meas. 41 (10) 105002. 
[34] Nakano, H. et al. (2014) “Monitoring Sound To Quantify Snoring and Sleep Apnea Severity Using a Smartphone: Proof of Concept”. Journal 
of Clinical Sleep Medicine 10 (1): 73-78. 
[35] Barata, F., Tinschert, P., Rassouli, F., Steurer-Stey, C., Fleisch, E., Puhan, M.A., Brutsche, M., Kotz, D., Kowatsch, T. (2020). “Automatic 
Recognition, Segmentation, and Sex Assignment of Nocturnal Asthmatic Coughs and Cough Epochs in Smartphone Audio Recordings: 
Observational Field Study.” J Med Internet Res 22 (7): e18082.  
[36] Bokov, P., Mahut, B., Flaud, P., Delclaux, C. (2016) “Wheezing recognition algorithm using recordings of respiratory sounds at the mouth in 
a pediatric population.” Computers in Biology and Medicine, 70: 40-50. ISSN 0010-4825. 
[37] Reyes, B. A., Olvera-Montes, N., Charleston-Villalobos, S., González-Camarena, R., Mejía-Ávila, M., Aljama-Corrales, T. (2018). “A 
Smartphone-Based System for Automated Bedside Detection of Crackle Sounds in Diffuse Interstitial Pneumonia Patients.” Sensors 18 (11), 3813. 
https://doi.org/10.3390/s18113813  
[38] Oletic, D., Bilas, V. (2018) "Asthmatic Wheeze Detection From Compressively Sensed Respiratory Sound Spectra." IEEE Journal of 
Biomedical and Health Informatics 22 (5): 1406-1414. doi: 10.1109/JBHI.2017.2781135 



 Ángela Troncoso  et al. / Procedia Computer Science 192 (2021) 3040–3048 3047
 A. Troncoso et al / Procedia Computer Science 00 (2021) 000–000   

 

3. Conclusions 

The main objectives when using new technologies for respiratory sound acquisition are developing non-invasive 
methods and creating the possibility to monitoring patients out of the hospital. Both purposes are possible with these 
devices. We are going to apply them in further research to improve both sleep monitoring and personalized health 
care using Digital Twins [43,44]. 

Technological items as electronic stethoscopes and microphones are used nowadays to improve sound acquisition 
in clinical environments. In this case, most of them are related to sleep apnea and pediatric respiratory 
diseases. This is because data in these illnesses is difficult to record in a non-invasive way. The devices 
mentioned achieve good results and improve the traditional methods of hearing and then analyzing 
respiratory sounds. Some of them have been tested in a real clinic environment. However, when using 
electronic stethoscopes, we still need the patient in a clinical ambient. Recording data from patients at home 
is only possible when we use mobile devices as wearables, smartphones, and IoT items. Further studies need 
to be done in the field of integrating this data in health systems.  

Smartphones are used to record hours of sounds to detect disorders and play apps related to illness diagnosis. They 
are a powerful and easy-access device. Wearable and IoT sensors are more related to a continuous monitorization of 
the patient. Different materials and detection technologies are used to record respiratory sounds or other measurements 
related to lung function, like chest movement. Wearable devices need to be comfortable, easy to wear and transmit 
the recorded data.  

In conclusion, electronic devices improve sound acquisition, and mobile ones will revolutionize it, evolving to 
personalized health. These devices are going to make easier providing health care remotely, monitoring patients at 
home. This is called telemedicine or telehealth, in which information and telecommunication technologies are used to 
reduce hospital visits with less costs for both patients and health systems [45]. 
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