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SUMMARY

We introduce SolunumWear, amulti-sensory e-textile systemdesigned for respiration in daily life settings,
addressing the gap in continuous, real-world respiration event monitoring. Leveraging a textile pressure
sensor belt to capture chest movements and a wireless data acquisition system, SolunumWear offers a
promising solution for both medical and wellness applications. The system’s efficacy was evaluated
through a human study involving 10 healthy adults (six female and four male) across various breathing
rates and postures, demonstrating a strong correlation (R value = 0.836) with the gold-standard system.
The study highlights the system’s computational and communication efficiencies, with latencies of approx-
imately 4.84 s and 2.13 ms, respectively. These findings highlight the efficacy of SolunumWear as a
wireless, wearable technology for respiration monitoring in daily settings. This research contributes to
the expanding body of knowledge on smart textile-based health monitoring technologies, demonstrating
its potential to provide reliable respiratory data in real-world environments.

INTRODUCTION

Monitoring physiological parameters such as heart rate, blood oxygen level, and respiration has seen increasing adoption, particularly

since the COVID-19 pandemic. Among these parameters, respiration monitoring is under-recognized despite the fact that it could be

used to evaluate various health conditions such as asthma, apnea, bronchitis, emphysema, etc.1 Respiration can also be an important

indicator of various complications affecting the critical systems such as nervous system, excretory system, and cardiovascular system.2,3

Monitoring respiration is useful in diagnosing various diseases as well as monitoring the effects of the treatment/interventions on the

patients. Reports indicate that respiration can be linked to emotions such as happiness, surprise, sadness, anger, stress, and fear.4–7

This link between respiration and human emotions can be useful in preventing mental illness and enhancing the mental well-being

of individuals.8 Also, human emotion recognition can be useful in investigating consumer needs,9 driver safety,7 and virtual reality-based

clinical interventions.10–13 Respiration is also widely used in athletic training and performance improvement.14 Monitoring respiration

parameters of preterm babies (often kept in the neonatal ICUs) also play an important role in monitoring the health of those preterm

babies.15

In this research paper, we present SolunumWear, a smart respiration monitoring system designed with electronic textile (e-textile)

sensors. The system comprises an in-house developed chest belt integrated with pressure sensors and wireless infrastructure consisting

of a wearable data acquisition system and a telemonitoring communication system. We conducted experiments to evaluate the perfor-

mance and accuracy of the proposed respiration monitoring system compared to optical tracking system under different postural con-

ditions. Our findings demonstrate that SolunumWear can be a reliable respiration monitoring solution for in-home, clinical, and research

settings.

This paper makes the following scientific contributions in the areas of wearable systems.

� Smart textile pressure sensor design: The creation of a smart textile pressure sensor using an industrial embroidery machine represents

a significant technical advancement in wearable systems. This approach enhances precision, accuracy, and reliability in detecting and

monitoring chest movements. By integrating conductive materials and piezoresistive fabric (such as Velostat) through precision em-

broidery, the sensor’s responsiveness to pressure changes caused by breathing is improved.

� Unisex chest belt: The development of a unisex chest belt that can accuratelymonitor respiration rates across different genders is a vital

contribution. This belt is designed to accommodate anatomical differences between males and females without compromising the

sensor’s effectiveness. The evaluation on both genders ensures that the device is versatile and adaptable, making it suitable for wide-

spread clinical and personal use.
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Figure 1. Anatomy of respiration mechanism
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� Custom edge computing device: The design and implementation of a custom edge computing device for wireless data collection and

processing highlight significant strides in wearable technology. This device facilitates real-time analysis and processing of sensor data

directly from the wearable, reducing latency and dependency on external processing resources.
� Comparison with gold-standard systems: The rigorous evaluation of SolunumWear against the OptiTrack system, a gold-standard in

movement tracking, provides evidence of the system’s reliability and validity by demonstrating strong correlation in the sensing of

breathing changes.
� Evaluation across breathing rates and postures: The comprehensive assessment of the system’s performance across various breathing

rates and postures (standing, sitting, and bending) addresses a critical aspect of wearable healthmonitors—versatility in different phys-

ical conditions. This evaluation helps in understanding how posture affects respiratory measurements and ensures that the device re-

mains accurate across a range of everyday activities.

Background and state-of-the-art

Respiration is an important process essential for generating energy in living organisms such as humans which involves inhaling oxygen and

exhaling carbon dioxide. Lungs play a key role within the respiration system and are made of tissues that work together to move fresh air into

the body and remove waste gases outside. During themechanical process of respiration, the diaphragm and intercostal muscles expand and

contract. This results in expansion and contraction of the chest and or abdominal area (Figure 1).

Assessment of respiratory patterns helps the relevant clinicians understand the patient’s current physiologic status. For example, during

annual check-ups, physicians perform auscultation by listening to the lung sounds using a stethoscope. Thus, they examine the respiratory

system (breath sounds), cardiovascular system (heart sounds and vascular bruits), and gastrointestinal system (bowel sounds).16 Unusual or

out-of-sync breathing patterns may indicate the presence of an underlying injury. Detecting these abnormal respiratory patterns early can

assist healthcare professionals in taking timely action to prevent the patient’s condition from worsening.17

There are several methods to measure the respiration-related events as shown in Figure 2. These methods can be mainly divided into two

major categories, namely contact-based and non-contact-based methods. Contact-based methods involve acoustic-based methods,18–20

airflow-based methods,21–24 chest/abdominal movement detection,25–28 oximetry probe (SpO2) based method,29,30 and electrocardiogram

(ECG)-basedmethods.31–35 Non-contact-basedmethods involve radar-based respiration rate monitoring,36–38 optical-based respiration rate

monitoring,39–42 thermal sensors, and thermal imaging-basedmonitoring.43,44 Non-contact methods offer the opportunity for monitoring the

user’s respiration events without hindering their movements. However, these non-contact methods are limited to lab-based setup. Besides, it

raises concerns related to patient safety, electromagnetic interference with medical equipment, etc. On the other hand, contact-based

methods are more reliable and can be used in daily life setups.

In the past, researchers have usedmicrophones tomeasure respiratory soundby placing themicrophone close to the respiratory airways to

measure the respiration related events.20 Reports show that such a technique was used to detect apnea in infants.20 The respiration can also

be monitored through temperature sensing of the exhaled air, as the exhaled air will be warmer, humid, and contains more CO2 concentra-

tion. Nasal thermistor was another method to monitor the respiration events.23 Strain gauges were also explored to measure the expansion
2 iScience 27, 110223, July 19, 2024



Figure 2. Respiration measurement methods
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and contraction of the chest.25 The changes in the thoracic and abdominal circumferences were monitored by placing a strain gauge around

the participant’s chest. Further, studies have shown that respiration can be monitored using a photoplethysmogram.30,45–47 Respiration infor-

mation was found coupled with the photoplethysmogram information and by investigating the magnitude and frequency information, re-

searchers have extracted respiration information from photoplethysmogram. Researchers also explored ECG-derived respiration rate

(EDR). EDR works on the principle that the respiratory actions create a small change in the relative position of the heart and the electrodes.

Researchers have shown that respiratory information can be extracted from the ECG signal.31–34,48 Tarassenko et al. also investigated different

methods such as EDR and photoplethysmogram to record respiration information and observed the limitation of these methods.35

The current landscapeof contact-basedmethods for respiratorymonitoring involves a variety of sensors, each designed to capture specific

types of respiratory events. Commonly used sensors include strain gauges, respiratory inductance plethysmography, and piezoelectric belts,
Figure 3. Raw data, filtered data, breathing rate, and breathing amplitude of the data collected from the belt
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Figure 4. Raw data, filtered data, breathing rate, and breathing amplitude of the data collected from the belt during standing
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among others. These sensors differ not only in their technological underpinnings but also in their intended application areas, which can range

from clinical diagnostics to experimental research. A critical consideration in their use is the tradeoff between the sensor’s characteristics, such

as sensitivity and response time, and factors like wearability and comfort for the user. The use of textile-based sensors on health and motion

monitoring and increasing their effectiveness were also explored.49–51

Moreover, while these systems are capable of monitoring respiration, their effectiveness can be limited by the context in which they are

used. For instance, many systems are optimized for specific conditions and postures, such as sitting or lying down, and may not provide ac-

curate data when the subject is in motion or engaging in daily activities like walking or bending. This poses a significant limitation as it does

not reflect the dynamic range of human activities and the associated variations in respiratory patterns. Consequently, there is a notable gap in

the ability of existing methods to provide comprehensive and accurate monitoring in real-world settings outside of controlled environments.
Figure 5. Filtered data collected from belt and camera
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Figure 6. Cross-correlation between respiration date computed using the belt and camera data
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This deficiency underscores the need for innovative solutions that can adapt to the variability in human activity and offer reliable monitoring

across a spectrum of daily living conditions.

Following our preliminary work,52 in this article we propose to develop and evaluate an e-textile based respiration monitoring system

covering sensor development, data acquisitionmodule, and data acquisition firmwarewith the evaluation experiment including different pos-

tures from daily life and different breathing rates with a comparison with the gold standard camera-based motion capture methods.

A preliminary version of this work has been reported at IEEE sensors conference (2022).52

RESULTS AND DISCUSSION

We collected data from our respiration belt and the camera-based system simultaneously in a time synchronizedmanner. We processed data

using the same signal processing pipeline for both sensor data and camera data. We present our comparative analysis in this section.

Characterization of the pressure sensors

Figure 3 shows the raw and filtered signals collected from the middle top sensor on the belt which was the best performed on both belt and

OptiTrack. The figure also demonstrates breathing rate and breathing amplitude (the amplitude of the peaks) for the entire experiment for

one participant.

To investigate further, the data were also segmented according to the experiment sections (Table S2). The data from slouching posture

could not be analyzed due to the lack of performance in OptiTrack system. Figure 4 shows a typical example of the data collected from the

belt during the standing section of the experiment.

It is seen that the breathing amplitude and time difference between the peaks decreased when the breathing rate increased. Since fast

breathing happens promptly, the magnitude of expansion and contraction of the chest becomes condensed and causes the decrement on

the amplitude of breathing signal. The breathing amplitude change on the signal proves that our system can sense those changes accurately.

Evaluation of the sensor belt with the benchmark system

To evaluate our sensor belt system, we compared the data acquired using the sensor belt with the OptiTrack IR cameras. For this, the posi-

tional information coming from the cameras was also processed in the same way. Figure 5 shows the filtered data collected from both chest

belt and OptiTrack IR cameras. We computed the correlation coefficient between the raw sensor data and the OptiTrack system data. We

observed a significant agreement (R value R0.9) between the data collected by these two systems.

We further investigated the collected data to understand the agreement between the breathing rate extracted using the sensor belt data

and the breathing rate extracted using the OptiTrack data. Figure 6 shows the correlation between the breathing rates with respect to the

phase lag between the pressure sensors and the camera recorded signals. Here, we found that there was also a significant agreement
Table 1. MAE of respiration rate

D_stand N_stand F_stand D_sit N_sit F_sit D_bend

MAE 3.25% 12.30% 3.03% 22.91% 11.61% �0.58% 42.92%

D_stand: Deep breathing in standing position, N_stand: Normal breathing in standing position, F_stand: Fast breathing in standing position, D_sit: Deep breath-

ing in sitting position, N_sit: Normal breathing in sitting position, F_sit: Fast breathing in sitting position, D_bend: Deep breathing in bending position.

iScience 27, 110223, July 19, 2024 5



Table 2. MAE of respiration rate for each participant

D_stand N_stand F_stand D_sit N_sit F_sit D_bend

P.1 0.02 2.02 0 10.81 0.71 �49.68 18.76

P.2 0.4 �1.02 �2.27 25.9 5.38 �18.57 1.32

P.3 1.12 7.4 �8.44 �5.17 4.92 0 5.79

P.4 0.33 0.25 10.2 4.28 �1.26 54.24 5.46

P.5 0.69 0.42 0.81 3.16 1.58 �1.78 0.41

P.6 0.36 1.01 5.68 0.62 8.76 3.18 31.85

P.7 0.07 5.52 1.16 0.06 1.29 1.91 4.13

P.8 0.68 1.26 �3.26 0.99 5.26 0.76 7.18

P.9 0.87 8.26 4.52 1.75 0 5.69 1.35

P.10 0.67 1.02 1.62 2.09 1 2.26 11.61
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(R value = 0.836) between the respiration rate recorded using our system and the respiration rate recorded using theOptiTrack camera system

at almost zero lag position which shows good synchronization between systems. We also computed the mean absolute error (MAE) in the

measurement of respiration rate by the sensor belt and the OptiTrack data shown in Table 1. Table 2 shows the MAE for each participant

in different positions.

Effects of different postures on the accuracy of the system

In this evaluation study, we also wanted to understand the effects of different postures on the accuracy of breathing rate measured by our

system. For that, we conducted experiments to record breathing data in various postures.

It was seen that there were missing data points in the sitting and bending postures in the OptiTrack data. This is because the markers on

the chest belt were not detected for a few samples by the OptiTrack IR cameras during certain postures and that have affected the feature

extraction process. This situation also caused the MAE for the respiration rate to increase.

It was also observed that the breathing rate during fast breathing increased during the sitting posture compared to standing. This can be

attributed to the fact that the sitting posture was more demanding compared to standing, causing an increase in the breathing rate. Figure 7

shows the comparison of the average breathing rate for all participants between different postures.

Wearable DAQ performance

After evaluating the accuracy of our respiration monitoring system, we wanted to understand the system-level timing performance of our in-

home designed solution SolunumWear. The idea was to understand how quickly SolunumWear can detect the respiration information which

might be critical in certain applications such as apnea detection. For this, we investigated two key parameters related to our system involving

time taken for analyzing the respiration signal, and time delay for data transmission.

Time taken for respiration signal analysis

For evaluating the computation time taken to process the respiration signals, we measured the time taken to open CSV files and perform

respiration signal processing. Table 3 shows the time taken in seconds to perform signal processing and extract respiration features from
Figure 7. Comparison of different postures

Note: Data are represented as mean and standard error. ‘‘o’’ represents the data from OptiTrack. Bending posture is only present in deep breathing.
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Table 3. Respiration signal analysis time

Participant Number Processing Time (sec)

P.1 4.83

P.2 3.36

P.3 51.81

P.4 4.62

P.5 4.78

P.6 3.98

P.7 7.89

P.8 4.38

P.9 5

P.10 7.20
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the signals. We can see that the analysis pipeline is efficient, enabling swift analysis. It was also observed that the time for processing the data

collected from P.3 was significantly higher than the others. When we analyzed the data, we found that the missing points in P.3 data were

higher than the other, for this reason, the software took more time to fill those points and complete the analysis.

Time delay for data transmission

As respiration events are time-sensitive, the timely transmission of data is of utmost importance. For this reason, we were also interested in

evaluating the data transmission time from the sensor belt to the data acquisition and processing module. This evaluation was conducted by

logging the round-trip time (RTT) within the transmitter based on the logical voltage state which is set high upon transmission of payload and

low upon acknowledgment of receipt of payload by the receiver. We aggregated multiple RTT measurements, and these transmission time

measures are shown in Table 4. We could see that the data transmission time (�2 ms) was comparatively lower than the average breathing

period which was found to be 2,848 ms.
Comparison with state-of-the-art

Respiratory monitoring has been investigated in recent years. However, obtrusiveness can be used as a factor to determine the user accept-

ability of different types of systems. Wearable sensors, specifically those to be worn on the face or neck to measure respiration, are more

obtrusive compared to the proposed system. Thus, the detection of chest movements is a predominant approach to measure respiration.

We compared the efficacy of our system with existing literature. For this, we compared the MAE in recorded respiration rate of our study

with the state-of-the-art. Table 5 shows the comparison of MAE in recording breathing rates between existing literature and our study.

It seems that the studies mentioned in the state-of-the-art have focused on developing algorithms to extract respiration rate from various

types of sensors such as strain sensors,54 radar-based measurements,57 ECG sensors,53 motion sensors,48,55 and PPG sensors.56 While these

studies have shown promising results in detecting respiration with almost one breath per minute error, they were not comprehensive enough

to mimic real-life conditions as they focused only on different postures or breathing rates at a time, but not both.

For instance, motion sensors were used only to compare different postures such as standing, sitting, and lying down with a constant

breathing rate. Similarly, while the strain sensors and ECG sensors were used while walking on a treadmill, the studies did not report the

changes in breathing rate. Furthermore, it was noted that strain sensors and ECG sensors may not be the best choice to capture respiration

events accurately.

To address this limitation, the comparison made in the current study focused on the MAE of the standing posture with normal breathing

(2.614), as well as with deepbreathing.Our findings revealed that theMAE for the standing posturewith normal breathing closely alignedwith

previous studies. However, when it came to the standing posture with deep breathing, the MAE (0.521) outperformed the majority of the

studies. This highlights the importance of not only assessing differences in postures but also considering variations in breathing rates

when conducting evaluations. Overall, findings suggest that future studies should consider different postures along with breathing rates

when evaluating the accuracy of sensors in capturing respiration events.
Table 4. RTT-based measurements

Parameter Time (ms)

Mean 2.13

Median 2.06

Variance 0.53

Maximum RTT 3.42

iScience 27, 110223, July 19, 2024 7



Table 5. Comparison with state-of-the-art

Study Mean Absolute Error (MAE)

Cay et al. (This study) 2.614

Boyle et al.53 4

Yamamato et al.54 3

Hernandez et al.55 1.77

Lazaro et al.56 1.27

Hernandez et al.48 0.72

Zeng et al.57 0.28
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Limitations of the study

One of the limitations of our current work is the location and placement of the 3D camera markers. Since four of the sensors were

located in the armpits, the markers were also placed in the same area. This resulted in occlusion of such markers from the OptiTrack

cameras particularly in male participants for certain postures. We plan to change the size and length of the markers to make them

more visible to the cameras. Also, the sitting and bending movements created extra movement data which needed to be excluded

from the respiration rate extraction. To overcome this, a reference marker will be placed on the region without movement during the

breath. Also, in real-life settings, to account for the movement artifacts in the respiration data, we aim to include an inertial measure-

ment unit (IMU) sensor in the belt which we lack in our current system. Since this is our pilot work, the IMU sensor was not included in

the belt design. In the future, we plan to add an IMU sensor to evaluate the changes for different postures and extract the noise

profile during the sitting and bending movements. In addition, our current setting is within the lab setup to use OptiTrack cameras

which limits our experiment with sport motion such as walking or jogging. In our future studies, we are planning to test our belt in

daily life settings by giving it to participants for wearing during their day and nighttime and extracting the motion noise profile with

the IMU sensors. We also want to address another shortcoming related to the size of the hardware. Initially, in our prototype, the

hardware was positioned at the belt’s rear, attached to the strap. In the revised design, our goal is to reduce the hardware’s dimen-

sions so it can be integrated within the belt and entirely encased in fabric.
Conclusion

In this paper, we presented a wireless, smart textile-based respiration monitoring system called SolunumWear. We developed a sensor belt

for adults that covers the chest area, a wearable data acquisition system, and establishedwireless communication between the wearable data

acquisition system and the computer which is used to process the data. We also used the OptiTrack camera system as a benchmark to

compare our system i.e., SolunumWear. To evaluate the performance of SolunumWear, we recruited 10 healthy adults. Our findings showed

that SolunumWear can sense the different respiration rates (even in different postures) accurately and reliably.

Nevertheless, our results showed that SolunumWear can be used for monitoring the respiration changes and effects of different postures

on the respiration rates on different body types and different genders. Therefore, SolunumWear can be a reliable candidate for monitoring in

pulmonary rehabilitation, COVID rehabilitation, or apnea monitoring. In addition, since it is a completely wearable, battery-operated, and

wireless system, SolunumWear can also be used for in-home patient monitoring and management for pulmonary diseases.
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METHOD DETAILS

Wedesigned the SolunumWear systemwhich consisted of (a) an in-lab developed textile-based pressure sensors, (b) a chest belt housing the

pressure sensors and the wearable data acquisition unit, and (c) a telemonitoring communication module. Each of these modules are dis-

cussed in the following sections.
Design of the pressure sensors

The embroidered pressure sensors were created based on the method that we used in15,52 using Velostat material and conductive thread.

Velostat is a piezoresistive material that changes its resistance upon application of lateral pressure. During breathing the chest moves along

the frontal plane resulting in pressure changes on the Velostatmaterial. To collect those resistance changes, a silver-coated conductive thread

was utilized (Madeira HC-40, <300 ohm/meter). The resistance change due to pressure was measured using a voltage divider circuit. Supply

voltage was applied on one terminal of the pressure sensor while the other end was connected both to the measurement terminal and a stan-

dard resistor that was connected to ground.

The sensor construction involved two major steps. First, the conductive thread was embroidered over two denim fabric layers as seen in

Figure S1A (top) and S1c (bottom) with an industrial technical embroiderymachine.58 The denim fabric provides enough elasticity which holds

the pressure on the sensor. Next, the Velostat material (0.1mm thick, Volume Resistivity: <500 ohm-cm, Surface Resistivity: <31,000 ohms/

sq.cm) was placed between the top and bottom layers creating a sandwich structure as seen in Figure S1B. Our previous study indicated

that a perpendicular stitch pattern produces maximum resistance change for applied pressure.15

To achieve a reliable data collection, different designs were considered for the placement of conductive threads and the Velostatmaterial.

The conductive thread needed to be stitched in a way which creates less resistance and more conductivity, but it also needs to be resistive

enough to carry the changes in Velostat material due to the pressure changes. For this reason, different stitch properties such as the step

length, stitch length, number of runs on the thread were tested and we ended up with the design which is shown in Figure S1. To provide

enough resistivity, conductive lines were stitched in the shape that covers the surface of Velostat with 0.1-inch spaces between the lines.

In addition, a separate line was added to make the dimension between pressure point and the snap connector shorten to provide more con-

ductivity. Six separate sensor pads were created with this design individually. Figure S1 shows the individual components associated with

developing a single sensor unit.
Design of the chest belt

In this study, we designed a chest belt for adults by considering the differences between babies’ bodies and adults’ bodies. The chest belt

consisted of two major elements involving (i) the sensor integrated smart textile belt and (ii) the wireless embedded system to collect data

from the sensors.
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i. Integration of the Pressure Sensors: The respiratory cycle (inhalation and exhalation) causes movement in the entire chest area. The

magnitude of movement varies from person to person including the differences in gender, body dimensions, height, and structure.

Therefore, to achieve accurate respiration detection, the entire chest area needs to be monitored. Designing a singular or dual-sensor

configuration to encompass the entirety of the chest area posed a significant challenge, primarily owing to the chest’s curved

morphology. Ensuring close contact with the skin is imperative for these sensors, and the singular or dual-sensor designs did not effec-

tively achieve this due to the chest’s contour. To address this issue, we opted for a multi-sensor approach, which yielded favorable re-

sults. Placing sensors both in the central region of the chest and on the lateral sides of the chest was found to be the most effective

strategy for achieving the desired level of skin-sensor contact. Thus, we placed a total of six pressure sensors covering almost the entire

chest region. A set of three sensors was placed on the upper chest area and another set was placed on the lower chest area. The sensors

were placed at the center and the sides of the chest as shown in Figure S2.

To integrate the sensors into the chest belt, we sewed another fabric between the sensors. It is crucial to understand that for accurately

detecting variations in pressure from chestmovements, the belt needs tomake contact with the chest and fit closely. Nonetheless, if the belt is

overly tight, it could lead to discomfort for the user or participant, as well as potentially skew the pressure data. For this reason, a stable fabric

was chosen to provide the tightness of the belt andmake it fit to the body. It is also known that every adult has a different body and chest size.

It means that the chest belt needs to be adjustable to make sure that the sensors are in the correct same position for each individual. To

accommodate different chest sizes, the chest belt was created based on the largest size, then the black fabric between the sensor pads

was folded and clipped with fabric clips according to the smaller sizes such as medium, small, and extra small. For the back side of the

belt, a Velcro stripe was used to provide adjustability. Based on these adjustments, the chest belt can be used on both females and males.

Figure S2A shows the chest belts integrated with sensors.

ii. Integration of theWearableDataAcquisition System: SolunumWear was designed to be used in day-to-day life. Thus, it was important

to collect data from the system which does not hinder one’s movements. To achieve this, a wearable data acquisition system (W-DAQ)

which could collect the data from the pressure sensors and send the data wirelessly to the computing device was developed. The

W-DAQ consisted of an ESP-32 based microcontroller, a 16-bit analog-to-digital converter (ADC), a battery monitor module and a

3.7 Li-Po battery. All components were combined on a PCB and connected to the chest belt using wires. Figure S3 shows the chest

belt with the W-DAQ and Figure S4 shows the components of W-DAQ.
Design of the telemonitoring communication system

Wireless data acquisition is performed over the ESP-Now, a 2.4GHz wireless communication protocol. ESP-Now is a protocol designed spe-

cifically for ESP32 and ESP8266 microcontrollers that encapsulates message payloads and then transmits it over the Wi-Fi to the receiver

ESP32 microcontroller.59 The receiver device is connected to the edge computing device (ECD) using a USB cable and it communicates

incoming payloads from the chest belt over USB-serial. A laptop runningWindows 10 was used in this case as the ECD due to the ubiquitous

availability of the USB protocol. However, other lower power single board computers such as tablets, Raspberry Pi etc. can be utilized as an

ECD. The CoolTerm program was used in the ECD to log the USB serial data to a CSV file for analysis.60

Experimental setup

Our experiments were designed to monitor the respiration rate and respiration changes in different postures. We conducted experiments to

evaluate respiration sensor performance and to evaluate performance of the wireless data acquisition system as well.

Respiration sensor validation

The chest belt was placed on the participants’ chest and adjusted according to different body sizes as shown in Figure S2. In addition, Flex 13

OptiTrack marker-basedmotion capture was used as the ground truth for measuring precise movement of different points on the chest asso-

ciated with breathing.61 Prior studies have seen its utilization for human motion analysis and a study conducted by Dellaca et al. shows the

capability of the marker-based motion tracking systems in acquiring lung movement associated with neonatal breathing.62,63 The

OptiTrack motion tracking system used in this study acquires live video streams at 100 frames per second from multiple infrared cameras.

The individual camera units aremounted on a tall tripod using custom 3Dprintedmounts. The cables are routed to theOptiHub unit that syn-

chronizes andmultiplexes camera video streams and connected to the host computer using twoUSB cables. The IR LEDs illuminate the reflec-

tive markers enabling its 3D positions to be tracked using the OptiTrack’s Motive software running on the host computer.64 In our study, the

reflective markers were placed on the belt, next to the sensors as shown in Figure S5. Synchronization between the chest belt sensors and

OptiTrack system is enabled through the use of the External Device Sync connector in the OptiHub. The connector outputs a TTL signal

with logical voltage going high state when recording is begun and low state when recording is ended. Using a BNC cable, we are able to

read the state using an interrupt within the transmitter ESP32 microcontroller at the start of the recording session. The firmware within the

ESP32 was configured to only transmit sensor payloads at the start of recording.

The chest sizes were determined according to the measurements taken from different people. 10 participants (6 female, 4 male, average

age = 27.2) with different chest sizes were recruited in this study. They gave signed and informed consent to participate. The study protocol

was approved by the University of Rhode Island Institutional Review Board (protocol number is 1785106-6). Participant’s chest size information
12 iScience 27, 110223, July 19, 2024
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was shown in Table S1. Participants were asked to perform standing, sitting, bending, and slouching postures in between the cameras as

shown in Figure S6. The data from IR cameras and our system were captured in a time synchronized manner. The experimental protocol is

explained in Table S2.
Signal processing and respiration rate calculation

The data was analyzed using NeuroKit2 library software.65 To analyze the different breathing rates, the raw data coming from the pressure

sensors was filtered using a band-pass filter with cut-off frequencies as 0.05-0.7 Hz (selected based on the human breathing rate range).

Subsequently, we applied a peak detection algorithm over the filtered data to monitor breathing as each breathing period (inhalation

and exhalation) creates a peak in the data. Then, we computed the time interval (T) between each peak and by using the time interval between

two consecutive peaks (T), the breathing rate (RR) was calculated using Equation 1. The same process applied for both signals coming from

the chest belt and OptiTrack.

RR =
60000

T
(Equation 1)

Wearable DAQ evaluation setup

Timingmeasures between the sender and receiver were used to evaluate the wireless transmission system performance. We use a dual-chan-

nel oscilloscope to visualize the state of two digital pins within the receiver and transmitter ESP32 device. By setting the pin states to high right

after the transmission of the payload and low after confirmation of payload receipt, we were able to log the time associated with transmission.

This test was conducted while the chest belt and receiver were separated by 5 meters with an oscilloscope connected between them.
iScience 27, 110223, July 19, 2024 13
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