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A B S T R A C T

Continuous physiological monitoring is well-established in human healthcare for early disease detection and 
management. However, translation of these technologies to large animals such as equines remains underde
veloped due to anatomical constraints, dense hair coat coverage, and requirements for unimpeded mobility. 
Equines, particularly racehorses, are prone to asthma and cardiovascular abnormalities, with nearly 80 % 
affected by mild to moderate asthma, impacting performance and long-term health. Despite the need for 
continuous monitoring, existing solutions require shaving hairs, often lack wireless functionality, and are 
impractical for long-term use, making real-world implementation challenging. Here, we introduce a non- 
invasive, wireless, and adjustable smart textile band specifically designed for equines, capable of continuous 
monitoring of respiratory activity, cardiac function, and movement without hair removal or behavioral re
striction. This work fills a critical gap in equine health monitoring by translating established sensing modalities 
into a practical, long-term, and field-deployable platform. The device integrates multiple sensors within a 
flexible, size-adjustable textile structure, ensuring compatibility across equine body types. In vivo validations 
confirmed its accuracy and reliability across healthy and asthmatic equines, demonstrating versatile physio
logical monitoring. This innovation offers a scalable solution for veterinarians, trainers, and researchers, 
enabling real-time monitoring in clinical and field settings.

1. Introduction

Monitoring physiological health in large animals such as horses is as 
critical as it is in humans but often receives less attention (Gerber et al., 
2003; Chang et al., 2022). For instance, equine athletes, particularly 
racehorses, are highly susceptible to upper airway obstruction and 
asthma, with nearly 80 % experiencing mild to moderate asthma (Ivester 
et al., 2018; Leduc et al., 2024), and 14 % of adult horses in the general 
population are also affected (Hotchkiss et al., 2010), impacting both 
performance and well-being. These respiratory conditions can diminish 
athletic capability, increase veterinary costs, and even lead to 
career-ending health issues (Couetil et al., 2020). Cardiac diseases are 

less prevalent but can also impair performance (Leroux et al., 2013). 
Since cardiovascular and respiratory functions are closely linked, 
changes in activity levels may also indicate stress, fatigue, or underlying 
illness (Decloedt et al., 2017; Mitchell et al., 2021).

Despite the need for continuous monitoring in equines, effective 
tools remain scarce. Periodic clinical assessments often fail to detect 
transient abnormalities or early-stage diseases, while subjective obser
vations by trainers and veterinarians can be inconsistent, leading to 
delayed diagnoses (Navas de Solis et al., 2022). Traditional monitoring 
methods, such as auscultation, electrocardiography (ECG), respiratory 
endoscopy, or pulmonary function testing require restraining the ani
mal, which induces stress and compromises measurement accuracy 
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(Mitchell et al., 2020; Hawkins et al., 2014). Moreover, existing veter
inary monitoring solutions are often designed for short-term clinical use 
rather than long-term, real-world applications, further limiting their 
effectiveness (Couetil et al., 2020; Navas de Solis et al., 2022; Mitchell 
et al., 2020; Kee et al., 2023).

A non-invasive, wireless, and continuous monitoring system is 
essential for early detection, timely intervention, and improved health 
outcomes in equines (Chung et al., 2020; Kwak et al., 2021; Xu et al., 
2022). Real-time tracking provides a comprehensive assessment of 
physiological function, particularly for performance animals like race
horses, whose well-being depends on optimal respiratory and cardio
vascular health (Bayly et al., 2024; Navas de Solis, 2019; Navas de Solis 
et al., 2024). However, many existing solutions require shaving hair for 
sensor attachment, making them inconvenient and unsuitable for 
long-term use on equines (Kim et al., 2023; Min et al., 2023; Ray et al., 
2019; Wang et al., 2018; Hu et al., 2023). Additionally, clinical moni
toring devices used in large animal applications often lack wireless 
functionality, portability, and robustness, limiting their suitability for 
continuous monitoring in dynamic settings (Couetil et al., 2020; Navas 
de Solis et al., 2022; Mitchell et al., 2020; Kee et al., 2023). Monitoring 
physiological signals during movement is further complicated by motion 
artifacts, which can obscure signal fidelity, as highlighted in recent 
studies (Yin et al., 2024; Fang et al., 2021; Meng et al., 2024). 
Addressing these limitations requires careful consideration of material 
selection, mechanical design, sensor placement, and signal processing 
strategies to ensure reliable measurements during locomotion. These 
challenges underscore the need for a practical, adaptable, and stress-free 
monitoring solution that can seamlessly integrate into equine care, 
enabling long-term health management without disrupting natural 
behavior.

To address these challenges, we developed a non-invasive, wireless, 
and size-adjustable smart textile band that is hair-coat–tolerant and 
field-compatible, providing continuous monitoring in equines where 
previous systems have remained impractical. Unlike conventional sys
tems, the device accommodates any hair coat lengths and body sizes, 
enhancing ease of use and animal comfort without compromising signal 
fidelity. Comparative in vivo studies in both healthy (16-year-old 
Standardbred) and asthmatic (18-year-old Tennessee Walker) equines, 
benchmarked against gold-standard respiratory and ECG devices, 
confirmed the system’s accuracy and robustness across multiple physi
ological domains. This platform enables real-time detection of subclin
ical abnormalities and subtle physiological changes, supporting early 
diagnosis, timely intervention, and personalized treatment strategies for 
conditions such as equine asthma, and exercise-induced cardiac ar
rhythmias. In equine health monitoring, it is critical not only to detect 
early signs of asthma before exacerbation but also to comprehensively 
track recovery during treatment, as inadequate information can lead to 
worsening airway obstruction (Petsche et al., 1994). Leveraging 
mechano-acoustic sensing, our device uniquely employs only an accel
erometer to capture both respiration and heart rate by detecting subtle 
local vibrations from breathing and heartbeat, without interference 
from global body movements. This approach eliminates the need to 
shave fur and enables easy, continuous, and long-term monitoring, 
while its high-resolution data acquisition and field-deployable design 
provide veterinarians, trainers, and researchers with a powerful tool for 
longitudinal health monitoring that bridges the gap between traditional 
clinical assessments and real-world equine healthcare.

2. Materials and methods

2.1. Electronic system design and fabrication

Schematic diagrams and layouts for a flexible printed circuit board 
(fPCB) were generated using commercial software (Autodesk Eagle 
Version 9.6.2). The smart textile band was designed with a three-layer 
stacked, three-island fPCB, integrating commercially available 

electronic components. The first island housed a three-axis digital 
accelerometer, a custom-designed ECG amplifier, and a microphone. 
The second island contained the battery charging and voltage regulator 
circuits, while the third island housed a Bluetooth Low-Energy (BLE) 
system-on-chip (SoC) and LEDs. Customized firmware was uploaded to 
the BLE SoC. Surface-mount components were soldered onto the fPCB 
using solder paste (SMDLTLFP10T5, Chip Quik), a heat gun (Int866, 
Aqyue), and a hot plate (MHP30, Miniware). A commercial textile band 
(Magnetic Urban Elastic Belt, Xpand) was integrated between the first 
and second layers of the fPCB. The entire structure was then encapsu
lated with a soft, waterproof elastomer (Ecoflex 00–35, Smooth-On) to 
protect against external factors, ensuring durability and flexibility.

2.2. Validation devices

The components of the flow and microphone sensor, used for the 
validation of respiratory signals in conjunction with clinical equipment, 
include a thermal gas flow sensor (FS7, Innovation Sensor Technology), 
a waterproof microphone (MW042502-1, DB Unlimited), and a BLE SoC 
(nRF52840, Nordic Semiconductor). Additionally, for comprehensive 
and time-synchronized analysis, we employed a custom-designed ECG 
amplifier as the gold standard for heart rate (HR) measurement, 
featuring a bandwidth of 0.5–40 Hz and a gain of 1000.

2.3. Encapsulation process

A mold was designed using commercial 3D CAD software (Autodesk 
Fusion 360 Version 2.0) and fabricated with a stereolithography 3D 
printer (Form3, Formlabs). Prior to encapsulation, a silicone release 
agent (Ease Release 200, Mann Release Technologies) was applied. The 
sensor module and textile band were then placed inside the mold, and 
encapsulation was carried out using a soft elastomer gel (Ecoflex 00–35, 
Smooth-On) to ensure waterproofing and mechanical resilience.

2.4. Mechanical analysis

Finite Element Analysis (FEA) was conducted using Abaqus to 
investigate the stress and strain distribution within the sensor module 
subjected to stretching and twisting. The model comprised a polyimide 
(PI) frame embedded in an Ecoflex 00–35 matrix, incorporating an in
tegrated textile component. Linear elastic material properties was 
assigned to the PI frame, with elastic moduli of 7.1 GPa, and Poisson’s 
ratios of 0.30, while the Ecoflex 00–35 body was modeled using a Neo- 
Hookean hyperelastic model, with material coefficients C10 = 0.0113 
and D1 = 1.96. The textile material was characterized using an Ogden 
hyperelastic model, derived from uniaxial tensile testing data. Boundary 
conditions were applied to the edges of the textile component. For 
experimental validation, a motorized force tester (ESM303, Mark-10) 
was used to subject the smart textile band to controlled stretching 
conditions, verifying its mechanical performance.

2.5. Comprehensive benchtop tests

The vibrational response of the sensor module was analyzed using a 
vibration generator (1000701, 3B Scientific) and an arbitrary waveform 
generator (3390, Keithley). Targeted vibration waveforms were applied 
at 0.13 Hz, 0.27 Hz, 0.47 Hz, and 0.67 Hz, using a square wave at 10 V 
peak-to-peak with an 80 % duty cycle. To assess sweat resistance, the 
sensor module was repeatedly exposed to 0.9 % saline solution 
(37–6240, McKesson) for 15 s intervals. The device maintained normal 
functionality under continuous saline flow, successfully transmitting 
sensor data via Bluetooth without signal degradation.

2.6. Sensor data analysis

All signal processing was performed using MATLAB (R2024a, 

T. Park et al.                                                                                                                                                                                                                                     Biosensors and Bioelectronics 292 (2026) 118073 

2 



MathWorks). The raw respiration and cardiac signals were analyzed 
over a continuous recording period. To enable localized analysis of 
respiratory rate (RR) and HR, the signal was divided into consecutive, 
non-overlapping 20 s windows. Each segment was independently pro
cessed to estimate RR and HR based on the dominant physiological 
components. To isolate the respiratory and cardiac dynamics, a 
Continuous Wavelet Transform (CWT) was applied to each segment 
using the analytic Morlet (“amor”) wavelet. For RR, wavelet coefficients 
corresponding to frequencies below 0.5 Hz were extracted to capture 
typical equine breathing patterns. For HR, coefficients between 5 Hz and 
15 Hz were selected to target the dominant frequency content associated 
with heartbeat activity. The relevant coefficients were summed across 
their respective frequency ranges to reconstruct time-domain signals 
enriched in respiratory or cardiac activity. The reconstructed signals 
were mean-centered and normalized to unit amplitude. Valleys in the 
waveform—corresponding to respiratory or heartbeat cycles—were 
identified using MATLAB’s “findpeaks” function. A dynamic threshold 
was applied to minimize false detections. RR and HR were then calcu
lated for each segment based on the average interval between successive 
valleys. Specifically, the interval between detected valleys was 
computed and converted to BPM using the equation: 

Respiration and Heart Rate (BPM)= 60/Average Interval (s) (1) 

Spectrogram analysis was conducted using the ‘spectrum’ function to 
visualize frequency distribution over time, while fast Fourier transform 
(FFT) analysis was performed using the ‘FFT’ function to identify peri
odic signal components and gain deeper insights into signal 
characteristics.

2.7. SNR calculation

Signal-to-noise ratio (SNR) was calculated using power spectral 
density estimation in MATLAB. The SNR in decibels (dB) was deter
mined using the equation: 

SNRdB =10 log10
(
Psignal

/
Pnoise

)
(2) 

where Psignal represents the power of the signal and Pnoise represents the 
power of the noise.

2.8. Treadmill exercise test

The Purdue Animal Care and Use Committee approved this protocol 
(#1111000176). A 16-year-old Standardbred mare owned by Purdue 
University was used in the treadmill study. The horse had been previ
ously trained to exercise on the high-speed treadmill (High Speed 
Treadmills, EquiGym) and was physically fit. On the day of testing, the 
horse was equipped with a smart textile band tightly adjusted around 
the chest with the electronic device placed against the chest at the level 
of the point of the elbow on the left side. The haircoat was clipped over 3 
areas (5 × 5 cm) and ECG electrodes (MDSM611550, Medline) glued to 
the skin over conducting gel. A surcingle was positioned immediately 
caudal to the smart textile band that was equipped with a dorsal hook to 
secure the safety belt once on the treadmill. The abdominal band was 
placed tightly around the caudal flank region with the electronic device 
positioned over the external abdominal oblique muscles on the left side. 
Then, a fiberglass facemask was placed over the horse’s nose, secured to 
the bridle and two ultrasonic phase-shift flowmeters (FR-41eq, Flow
metrics) were fitted to measure airflow from each nostril. Output signals 
from the flowmeters were recorded by computer software (Pulmonary 
mechanics analyzer, Buxco Electronics). Each flowmeter was calibrated 
prior to the experiment up to 60 l/s using a rotameter system. The 
thermal gas flow sensor and waterproof microphone were affixed in 
front of the ultrasonic flowmeter over the right nostril of the horse. Once 
fitted with the monitoring equipment, the horse was walked onto the 
treadmill, secured to the safety belt, and exercise protocol initiated. The 

exercise test consisted of walking at 1.5 m/s on the flat for 15 min, 
followed by trotting at 4.5 m/s for 30 min, and walking at 1.5 m/s for 6 
min. The treadmill exercise test was conducted under veterinary su
pervision, with continuous assessment of gait, posture, and behavior to 
ensure animal comfort and safety (Gleerup et al., 2015; De Grauw et al., 
2016).

2.9. Pulmonary function testing in a horse with acute asthma

The Purdue Animal Care and Use Committee approved this protocol 
(#1111000176). An 18-year-old Tennessee Walker mare presented for 
acute exacerbation of asthma. The mare had a history of severe asthma 
exacerbation that was reversible with appropriate therapy and low-dust 
diet. The evaluation was performed in a temperature-controlled room 
maintained at 20 ◦C while the horse was restrained in stocks. An 
esophageal balloon catheter was passed through the nose, advanced to 
mid-thorax and connected to a pressure transducer (DP45-30, Validyne 
Engineering) on one side with the other side connected to the facemask 
to measure transpulmonary pressure as previously described (Couëtil 
et al., 2001). A pneumotachometer (#4 Fleisch, EMKA Technologies) 
was positioned on the facemask fitted over the horse’s muzzle and 
connected to a differential pressure transducer (DP-/45-14, Validyne 
Engineering) via two identical Teflon catheters to measure airflow. The 
output signals from the pressure transducers were continuously recor
ded using a software (Pulmonary Mechanics Analyzer -XA version, 
Buxco Electronics).

Resistance (RL) was measured using the isovolume 50 % method. 
Dynamic compliance (Cdyn) was computed by dividing tidal volume by 
the difference in ΔPLmax between points of zero flow. Other parameters 
measured breath-by-breath included respiratory rate, tidal volume, 
inspiratory time, expiratory time, peak inspiratory flow, peak expiratory 
flow, and minute ventilation. Pulmonary function was measured at 
baseline over approximately 12 min and the average data from breaths 
without artifacts (e.g. swallowing) was used for analysis. Then, the horse 
was given an anticholinergic bronchodilator (N-butylscopolamonium 
bromide, Buscopan injectable solution, 0.3 mg/kg IV, Boehringer 
Ingelheim) and pulmonary function testing was repeated 10 min later. 
Data recorded over the following 3 min were averaged after eliminating 
breaths with artifacts. Pulmonary function testing in the asthmatic horse 
was performed under veterinary supervision, with careful monitoring of 
respiratory effort, gait, and behavioral cues to confirm tolerance of the 
procedure (Gleerup et al., 2015; De Grauw et al., 2016).

3. Results

3.1. Overall system design and benchtop evaluation

Fig. 1A presents the smart textile band, designed for continuous 
monitoring of respiratory activity, cardiac function, and movement 
while maintaining wireless connectivity positioned on the chest and 
abdomen (Fig. S1A). The internal sensor module is built on the fPCB 
integrating 32 active and passive components for comprehensive data 
acquisition and processing. Key system components include: (1) Ultra- 
low noise MEMS microphone (ICS-40720, TDK InvenSense); (2) Three- 
axis digital accelerometer, three-axis digital gyroscope, and thermom
eter (BMI 160, Bosch); and (3) BLE SoC (nRF52840, Nordic Semi
conductor). The full layout of the fPCB and detailed schematic of the 
electronic subsystems are illustrated in Fig. S1B. The system enables 
wireless data transmission using BLE protocols. It supports over 15 h of 
battery life before requiring a recharge, with an average current con
sumption of 9.82 mA and a 150 mAh battery capacity.

The internal sensor module is linked by serpentine interconnectors 
and encased in a three-layer structure, shielded with a soft, waterproof 
elastomer to enhance durability, resist sweat, and maximize skin com
fort (Fig. 1B and C). The textile band, compatible with various fabric 
materials, is positioned between the first and second layers of the fPCB 
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Fig. 1. Overall system design for equine physiological monitoring with enhanced wearability. (A) Schematic illustration of the smart textile band applied to a horse 
(scale bar, 20 cm). Insets show close-up images of the sensor-embedded textile band and secure attachment mechanism on the horse’s chest and abdomen (top right; 
scale bar, 2 cm), along with example data visualization of physiological signals transmitted wirelessly (bottom right). (B) Exploded view and layout of the flexible 
electronic device. (C) Image of the unfolded layout of the flexible electronic circuit (scale bar, 2 cm). (D) Images of the smart textile band under mechanical 
deformation, including stretching (top) and twisting with 10 % stretching (bottom) (scale bar, 2 cm). (E) Corresponding strain distribution maps obtained through 
FEA under 10 % stretching (top) and twisting with 10 % stretching (bottom). FEA: Finite Element Analysis.
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(Fig. S1C). Designed for flexibility, it can stretch and twist freely, 
ensuring improved comfort and usability (Fig. 1D). The FEA results 
shown in Fig. 1E indicate that the folded, three-layer sensor module 
experiences a maximum principal strain of less than 1 % under condi
tions of 10 % stretching and simultaneous twisting (Marlin et al., 2002). 
By integrating soft packaging with an adjustable, stretchable textile 

band, the system ensures long-term wearability with a secure and 
comfortable fit, even during dynamic activities.

The practical performance of the smart textile band was evaluated 
through comprehensive benchtop tests, assessing its response to external 
vibrations, stretching, and saline exposure (Park et al., 2024). Vibration 
evaluation focused on typical equine RR and HR frequency bands: 

Fig. 2. Validation of equine respiration and cardiac activity monitoring. (A) Schematic and photographic images of the clinical respiratory monitoring setup 
alongside the developed wireless respiratory sensor system (scale bar, 10 cm). The inset shows a detailed view of the flow sensor and microphone embedded within 
the equine mask for respiratory signal acquisition (scale bar, 2.5 cm). (B) Smart textile band system for simultaneous monitoring of cardiac and respiratory activity 
(scale bar, 10 cm). (C) Representative respiratory signals measured during in vivo validation. (D) Simultaneously recorded cardiac signal during in vivo validation. 
(E) Continuous monitoring of respiration rate over 30 min period. (F) Continuous monitoring of heart rate over 30 min period.
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0.13–0.27 Hz for RR and 0.47–0.67 Hz for HR (Scott et al., 2020). 
Fig. S2A shows the SNR results for RR frequencies, with 39.36 dB at 0.13 
Hz and 36.32 dB at 0.27 Hz. Similarly, Fig. S2B reports 35.73 dB at 0.47 
Hz and 39.55 dB at 0.67 Hz, confirming the system’s ability to capture 
clear signals in these targeted frequency ranges.

Further FFT analysis (Fig. S2C) reveals distinct signal peaks at 0.13 
Hz, 0.27 Hz, 0.47 Hz, and 0.67 Hz, demonstrating the system’s precision 
in detecting physiological signals. Fig. S3 presents the mechanical 
evaluation of the device-embedded textile and bare textile under 10 % 
stretch (Chang et al., 2023; Lee et al., 2020). The elastic modulus of the 
smart textile band measured 913 kPa, compared to 689 kPa for the bare 
textile. The band sustained up to 140 % strain before breaking, show
casing its resilience.

To assess environmental durability, saline solution tests were con
ducted following established methodologies. As shown in Fig. S4, the 
device maintained full functionality under continuous saline flow, 
demonstrating robustness in conditions simulating prolonged usage and 
intense physical activity. These results confirm the smart textile band’s 
reliability for real-world applications, where movement and perspira
tion pose common challenges in continuous physiological monitoring.

3.2. Analysis of respiratory and cardiac signals

Fig. 2A presents images of the clinical equipment used for equine 
respiratory measurements (red dotted box), alongside our developed 
wireless respiratory sensor system, which integrates a microphone and 
flow sensor (blue dotted box) (Fig. S5). Fig. 2B shows the smart textile 
band positioned on the chest and abdomen for HR and RR measure
ments. To compare respiratory measurements, data were collected from 
clinical equipment, the flow sensor, and microphone positioned in front 
of the nose, while the smart textile band was placed on the abdomen. 
Fig. 2C illustrates respiratory signals recorded from four different sen
sors: the clinical equipment, the flow sensor, microphone, and the Z-axis 
data from the three-axis accelerometer, along with the spectrogram of 
the Z-axis acceleration.

For cardiac signal monitoring, we used ECG signals solely as a 
reference standard to validate our system. Specifically, the ECG served 
as the gold standard for heart activity monitoring, against which we 
compared the Z-axis acceleration signals acquired from the smart textile 
band placed on the chest. A modified version of the smart textile band 
was used for this analysis, integrating an ECG amplifier, a three-axis 
accelerometer, a temperature sensor, and a microphone (Fig. S6A and 
S6B). The ECG electrodes were attached to specific anatomical locations 
using a three-electrode configuration, as shown in Fig. S6C (Lorello 
et al., 2019; Mitchell, 2019; Verheyen et al., 2010). Fig. 2D presents HR 
measurements derived from ECG, a 5–15 Hz band-pass filtered signal, 
Z-axis acceleration, root-mean square (RMS) values of the Z-axis accel
eration, and the spectrogram of the Z-axis acceleration. The chest Z-axis 
acceleration signal used for heart rate measurement demonstrated an 
SNR of 14.34 dB, which represents a sufficiently effective condition for 
reliable peak detection of biosignals (Kim, H. et al., 2010; Vadrevu, S. 
et al., 2019).

Fig. 2E shows continuous respiratory rate measurements over 30 min 
at rest, recorded using clinical equipment, the flow sensor, the micro
phone, and the Z-axis acceleration. The average RR values were 7.11 
BPM (clinical equipment), 7.14 BPM (flow sensor), 7.10 BPM (micro
phone), and 7.04 BPM (Z-axis acceleration). Fig. 2F presents HR mea
surements over the same period, with the ECG recording an average HR 
of 34.64 BPM and the Z-axis acceleration recording 34.54 BPM. To 
further assess measurement accuracy, Fig. S7A displays the Bland–Alt
man plot for RR, showing a mean difference of 0.06 BPM and an RR 
deviation of 0.53 BPM. Fig. S7B presents the Bland–Altman plot for HR, 
with a mean difference of 0.10 BPM and an HR deviation of 1.65 BPM. 
These results confirm the high accuracy and reliability of our smart 
textile band in tracking respiratory and cardiac parameters in horses at 
rest.

3.3. Treadmill and free movement evaluation

Fig. 3A presents images of the experimental setup on a treadmill, 
showing the horse in a stationary state, walking at 1.5 m/s, and trotting 
at 4.5 m/s on a flat treadmill. Fig. S8A illustrates the process of securing 
the horse on the treadmill, while Fig. S8B shows the clinical equipment 
used for measuring respiration, along with the flow sensor and micro
phone we developed. Fig. S8C depicts the data acquisition module of the 
clinical system, and Fig. S9 provides an overview of real-time wireless 
data transmission along with flow data from the clinical equipment 
during the treadmill experiment.

Fig. 3B shows the physiological signals used to compare respiration 
measurements obtained from the smart textile band, a microphone, and 
a flow sensor. Respiratory data were extracted from the microphone and 
flow sensor positioned in front of the nose, as well as from the Z-axis 
acceleration recorded by the textile band placed on the abdomen. The 
flow sensor also captured sneezing events. Fig. 3C presents cardiac ac
tivity monitoring results. HR was derived by comparing ECG signals 
(used as the gold standard) with the Z-axis acceleration signals recorded 
by the textile band placed on the chest. The chest ECG and Z-axis ac
celeration signals used for heart rate measurement exhibited SNRs of 
15.41 dB and 14.51 dB, respectively, which are considered sufficient for 
reliable peak detection of biosignals (Kim et al., 2010; Vadrevu et al., 
2019). Temperature variations, body surface sound, as well as energy 
expenditure (EE) on the chest and abdomen were continuously moni
tored throughout the experiment (Fig. S10 and Movie S1). Additionally, 
3D scatter plots of accelerations from the chest and abdomen are pre
sented in Fig. S11A and S11B, respectively, enabling rapid assessment of 
body movement behavior characteristics.

Supplementary data related to this article can be found online at htt 
ps://doi.org/10.1016/j.bios.2025.118073

Fig. 3D displays the RR recorded continuously over 30 min using the 
clinical device, flow sensor, and Z-axis acceleration. During the initial 
walking state (11 min), the average RR values were 60.47 BPM (clinical 
equipment), 60.11 BPM (flow sensor), and 62.34 BPM (Z-axis acceler
ation). In the subsequent trotting state (16 min), average RR values were 
110.96 BPM (clinical equipment), 110.06 BPM (flow sensor), and 
110.89 BPM (Z-axis acceleration). In the final walking state (3 min), the 
recorded average RR values were 66.91 BPM (clinical equipment), 68.57 
BPM (flow sensor), and 71.02 BPM (Z-axis acceleration). Similarly, 
Fig. 3E presents the HR measurement results during walking for 11 min, 
trotting for 16 min, and walking again for 3 min. During the initial 
walking phase, the average HR recorded by the ECG was 59.09 BPM, 
while the Z-axis acceleration recorded 58.94 BPM. During the trotting 
phase, the ECG recorded the average HR of 102.82 BPM, with Z-axis 
acceleration at 104.16 BPM. Finally, during the second walking phase, 
the ECG recorded the average HR of 72.73 BPM, while Z-axis accelera
tion measured 75.08 BPM. Bland–Altman plots for RR and HR are shown 
in Fig. S12, with a mean difference for RR of 1.06 BPM and a mea
surement deviation of 4.39 BPM. The mean difference for HR was 0.90 
BPM, with a measurement deviation of 4.49 BPM.

Additionally, Fig. S13 presents images of the free movement exper
iment conducted outdoors. Physiological data were successfully 
collected under free movement conditions, allowing for quantitative 
comparisons of activity levels. These results confirm the system’s 
applicability beyond controlled treadmill experiments, demonstrating 
its potential for real-world equine health monitoring. While ambient 
electromagnetic interference can affect data transmission range, reliable 
measurements were achieved at distances of 5–10 m and can be 
extended up to 120 m, with a Bluetooth bridge or mesh extender 
(Fig. S14 and Movie S2).

Supplementary data related to this article can be found online at htt 
ps://doi.org/10.1016/j.bios.2025.118073
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3.4. Physiological monitoring of asthmatic equine

Fig. 4A and S15A present the experimental setup for an asthmatic 
equine. This experiment used multiple measurement systems, including 

an esophageal balloon catheter for pleural pressure (Fig. S15B), nasal 
airflow sensors (pneumotachometer and custom flow sensor), and a 
smart textile band. Fig. 4B illustrates the abdominal movements asso
ciated with relaxation and contraction during an asthmatic state. Fig. 4C 

Fig. 3. Validation of physiological monitoring during treadmill experiment. (A) Photographic images of the horse during treadmill experiments (scale bar, 20 cm). 
(B) Representative respiratory signals measured during the treadmill exercise. (C) Simultaneously recorded cardiac signals. (D) Continuous monitoring of respiration 
rate throughout the treadmill exercise. (E) Continuous monitoring of heart rate during the treadmill exercise.
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shows the abdominal movements 5 min after intravenous administration 
of a bronchodilator (Buscopan injectable solution, 0.3 mg/kg IV, 
Boehringer Ingelheim), highlighting the changes in relaxation and 
contraction (Movie S3).

Supplementary data related to this article can be found online at htt 
ps://doi.org/10.1016/j.bios.2025.118073

Fig. 4D presents respiratory-related physiological data collected 
using the flow sensor and the abdominal smart textile band. Fig. 4E 

Fig. 4. Validation of respiratory monitoring in an asthmatic equine model. (A) Photographic image of the experimental setup (scale bar, 5 cm). (B and C) Abdominal 
movement differences associated with respiration before (B) and after (C) bronchodilator administration (scale bar, 4 cm). (D) Representative respiratory signals 
measured before and after bronchodilator administration. (E) Additional physiological signals measured during the experiment. (F) Continuous monitoring of 
respiration rate before and after bronchodilator administration.
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compares abdominal movement intensity before and after bronchodi
lator administration using two indicators derived from the smart textile 
band—jerk (the gradient of the Z-axis acceleration graph) and EE (the 
RMS magnitude of the three-axis gyroscope data)—along with trans
pulmonary pressure measurements from the clinical equipment 
(Mohapatra et al., 2024). After bronchodilator administration, jerk 
decreased by 36 %, and EE decreased by 44 %. The mean maximum 
change in transpulmonary pressure decreased by 71 % (85.97 cmH2O to 
25.30 cmH2O), consistent with previous clinical studies (Couetil et al., 
2012; De Lagarde et al., 2014). Additional physiological data, including 
ECG and temperature variations, are provided in Fig. S16A. Continuous 
HR measurements over 10 min period before and after bronchodilator 
administration, obtained using both ECG and Z-axis acceleration data, 
are shown in Fig. S16B. Prior to administration, the average HR was 
43.51 BPM (ECG) and 43.18 BPM (Z-axis acceleration). Following 
bronchodilator administration, the average HR increased to 58.27 BPM 
(ECG) and 58.30 BPM (Z-axis acceleration), reflecting an increase of 
approximately 15 BPM. This change is consistent with a previous clinical 
report on the physiological effects of N-butylscopolammonium bromide 
in asthmatic horses (De Lagarde et al., 2014; Mozo Vives et al., 2024). 
Fig. S17A shows the Bland–Altman plot comparing HR measurements 
obtained from ECG and Z-axis acceleration prior to bronchodilator 
administration. The mean difference was 0.33 BPM, with a measure
ment deviation of 1.93 BPM. Fig. S17B presents the Bland–Altman plot 
after bronchodilator administration, showing a mean difference of 0.04 
BPM and a measurement deviation of 1.89 BPM. Comprehensive respi
ratory function data, including dynamic lung compliance (Cdyn), lung 
resistance (Rl), peak inspiratory flow (PIF), peak expiratory flow (PEF), 
tidal volume (TV), minute ventilation (MV), inspiratory time (Ti), and 
expiratory time (Te), are summarized in Fig. S18.

Fig. 4F shows continuous RR measurements over 10 min period 
before and after bronchodilator administration, obtained using the 
clinical equipment, the flow sensor, and the Z-axis acceleration. Before 
administration, the average RR was 15.24 BPM (clinical equipment), 
15.35 BPM (flow sensor), and 14.98 BPM (Z-axis acceleration). After 
bronchodilator administration, the average RR decreased to 11.10 BPM 
(clinical equipment), 11.36 BPM (flow sensor), and 11.36 BPM (Z-axis 
acceleration), indicating a reduction of approximately 4 BPM that is 
consistent with a previous clinical report of the physiological effects of 
N-butylscopolammonium bromide in asthmatic horses (Couetil et al., 
2012; De Lagarde et al., 2014).

Fig. S19A shows the Bland–Altman plot of RR measurements 
comparing the clinical flowmeter and smart textile band prior to bron
chodilator administration. The mean difference in RR was 0.26 BPM, 
with a measurement deviation of 0.68 BPM. Fig. S19B presents the 
Bland–Altman plot of RR measurements after bronchodilator adminis
tration, showing a mean difference of 0.10 BPM and a measurement 
deviation of 0.69 BPM.

4. Conclusions

This study demonstrates the potential of a non-invasive, wireless, 
and adaptable smart textile band for continuous monitoring of respira
tory, cardiac, and activity parameters in equines. The device provides a 
practical alternative to existing clinical systems, addressing key limita
tions such as the need for shaving hair, restricted mobility, and 
discomfort from rigid sensors or limited-length textile bands. Compar
ative in vivo studies confirmed strong agreement with gold-standard 
respiratory and ECG devices, as supported by Bland–Altman analysis.

The primary strength of this system lies in its versatility across 
diverse settings, from controlled treadmill trials to free movement sce
narios. Unlike traditional equipment that restricts mobility, the wear
able platform enables real-time, long-term monitoring without 
interfering with natural behavior—making it particularly valuable for 
performance animals such as racehorses. While conventional clinical 
instruments (e.g., esophageal balloon catheter and pneumotachometer) 

provide highly precise and direct measurements of respiratory me
chanics, they are invasive and unsuitable for continuous, field-based 
use. In contrast, our smart textile band offers a non-invasive, field- 
deployable solution that enables long-term, real-world monitoring of 
equine health, thereby enhancing both efficiency and feasibility in 
continuous data collection.

A key application of this technology lies in the detection and moni
toring of equine asthma, a condition affecting 14 % of adult horses 
(Hotchkiss et al., 2010). Demonstrating the signal differences between 
respiration during asthma and after bronchodilator administration 
represents a substantial advancement in asthma detection. Furthermore, 
our smart textile band enables not only the detection of asthma symp
toms but also the continuous monitoring of both respiration and heart 
rate. As the breathing strategy of asthmatic horses evolves with wors
ening airway obstruction (Petsche et al., 1994), wearable, non-invasive 
monitoring offers an opportunity for early identification of exacer
bations—potentially before clinical signs are evident. Future studies will 
be designed to test this hypothesis and further validate the band’s utility 
in early disease intervention.

Benchtop testing validated the sensor’s robustness under mechanical 
stress and environmental exposure, including sweat and repeated saline 
immersion, indicating suitability for extended use in real-world condi
tions such as veterinary clinics and training environments.

Future developments may incorporate additional biosensors to 
measure blood oxygenation, hydration status, and cortisol levels, 
expanding its clinical relevance (Luo et al., 2023; Pan et al., 2024; 
Shirzaei Sani et al., 2023; Song et al., 2020; Wang et al., 2022). Beyond 
equine health, the system’s adaptability suggests promise for use in 
other large animals, including wildlife and zoo species, broadening its 
impact. Moreover, integration with veterinary telemedicine platforms 
could enable remote, continuous health surveillance, advancing acces
sibility and quality of care.

In summary, this work introduces a practical, high-fidelity solution 
for large-animal physiological monitoring, with broader implications for 
both veterinary applications and the future development of human- 
wearable health technologies.
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Couëtil, Laurent L., Rosenthal, Frank S., DeNicola, Dennis B., Chilcoat, Clayton D., 2001. 
Clinical signs, evaluation of bronchoalveolar lavage fluid, and assessment of 
pulmonary function in horses with inflammatory respiratory disease. Am. J. Vet. Res. 
62, 538–546. https://doi.org/10.2460/ajvr.2001.62.538.

Couetil, L., Hammer, J., Miskovic Feutz, M., Nogradi, N., Perez-Moreno, C., Ivester, K., 
2012. Effects of N-butylscopolammonium bromide on lung function in horses with 
recurrent airway obstruction. J. Vet. Intern. Med. 26, 1433–1438. https://doi.org/ 
10.1111/j.1939-1676.2012.00992.x.

Couetil, Laurent, Cardwell, Jacqueline M., Leguillette, Renaud, Mazan, Melissa, 
Richard, Eric, Bienzle, Dorothee, Bullone, Michela, Gerber, Vinzenz, 
Ivester, Kathleen, Lavoie, Jean-Pierre, Martin, James, Gabriel, Moran, 
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