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ABSTRACT 
Measuring respiratory rate is a vital metric for monitoring 

human health in any setting. Despite its importance for detecting 

oncoming medical crises, it is often neglected due to the 

difficulties in accurate measurement. To combat this neglect, a 

respiratory rate monitoring smart garment was developed that 

measures breathing rate in real time in a manner that is 

unobtrusive to the patient. This paper focuses on a concept 

exploration of a non-invasive wearable garment to measure real 

time breathing rate using a digital zero-crossing detection signal 

processing approach. A respiratory rate monitoring garment was 

developed with a stitched sensor that wraps around the patient’s 

chest and operates based on the relationship between resistance 

and displacement. As a person breathes, the chest expands and 

contracts, displacing the stitched sensor causing a change in 

resistance that can be measured and then counted as a breath. 

Unlike current solutions that utilize the fast Fourier transform 

(FFT) for signal processing of breathing rate, digital zero-

crossing detection is used in this garment for improved accuracy 

and lower computational power. Four participants took part in 

a total of 15 trials where their normal breathing rate was 

measured by the stitched sensor and by at least two independent 

observers. The average sensor breath count was 2.44 breaths 

below the manually observed breath count. Major contributions 

to error were due to manual calibration of the sensor, and these 

discrepancies will be addressed in further prototype 

development. Despite the error between the sensor and manual 

breath count, the performance of the garment indicates 

respiratory rate monitoring in real time is possible, which 

increases the feasibility of more accurate and frequent 

respiratory rate monitoring thus increasing the potential for 

improved patient health.  

Keywords: Respiratory rate, digital zero-crossing, 

conductive thread, strain sensor 

NOMENCLATURE 
R  Resistance 

ρ  Resistivity 

L  Length 

A  Area 

Lrest  Length at rest 

Lstrained Length when strained 

R2  Coefficient of determination 

 

1. INTRODUCTION 
 Respiratory rate can be a key indicator of physiological and 

mental distress, serving as an important measure of human 

health. Respiratory compromise is one of the most common 

reasons for admittance to hospital intensive care units (ICU) [1], 

and it is widely acknowledged that respiratory rate is one of the 

key vitals that needs to be monitored in healthcare settings [1,2]. 

Preventive care by monitoring key vital signs in clinical settings 

has been proven to result in lower morbidity and mortality rates 

and reduces the occurrence of cardiac arrest [2]. While the 

consensus for a standard healthy respiratory rate varies, it is 

defined by Johns Hopkins Medicine to be 12-16 breaths for a 
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healthy adult at rest [3]. Tachypnea (high respiration rate) and 

bradypnea (low respiration rate) are both indicators for 

impending medical crises such as cardiac arrest or other 

respiratory emergencies.  

Respiration rate can be difficult to monitor by manual 

observation in patients; patients move around often, which can 

make the measurement process inaccurate. Patients can also 

control breathing rate on command, whether that be intentional 

or unintentional, which can affect the results of the respiration 

rate count. This respiration count may be accurate, but it is not 

actually indicative of the patient’s condition due to their own 

unconscious breathing rate manipulation. It is recommended that 

respiratory rate is measured at the same time as pulse rate and 

oxygen saturation, without informing the patient. This reduces 

the likelihood that the patient will subconsciously alter their 

breathing rate [4]. This can be difficult to do for several reasons. 

It is recommended that at the time of measurement, the patient 

be in eupnea (normal breathing), which may be difficult if the 

patient is distressed. The healthcare professional must also count 

the number of breaths over a minute, while also measuring pulse 

rate and oxygen saturation, which can contribute to manual error. 

In some cases, this measurement may be neglected due to 

difficulties in acquisition. Thus, a noninvasive, peripherally 

observative device, such as a respiratory rate monitoring 

garment, may help to monitor respiration rate in patients to 

prevent respiratory emergencies. In addition, individuals at home 

can use this simple garment to measure their respiratory rate and 

based on the real time breathing rate feedback, decide when to 

seek help from a medical provider. 

 The respiration cycle has two distinct phases: inspiration 

(inhaling) and expiration (exhaling). While inhaling, the 

diaphragm and external intercostal muscles contract, reducing 

pressure in the thoracic cavity and increasing the lung cavity 

space allowing the lungs to expand. When exhaling, the 

diaphragm and external intercostal muscles relax, decreasing 

thoracic capacity and increasing the pressure of the cavity, 

expelling the air out of the lungs. Due to the significant change 

in chest volume during the respiratory cycle, it is possible for a 

strain sensor oriented circumferentially around the thorax to 

record the breathing cycle.  

An evolving solution to increase accuracy and frequency of 

respiratory rate monitoring are conductive thread stitched 

sensors sewn into basic clothing items. Stitched sensors provide 

a seamless way to integrate vital signs monitoring into everyday 

clothing. Increased frequency and accuracy of respiratory rate 

monitoring can assist healthcare providers in better 

understanding patient conditions.  

Stitched sensors operate based on the relationship between 

resistance and displacement; as strain is applied to the material, 

the resistance of the material changes. The resistance of a wire is 

dependent on both the resistivity of the material and the 

dimensions of said wire. The relationship is outlined by equation 

(1). 

∆𝑅 = 𝜌
𝐿

𝐴
− (𝜌 + ∆𝜌)

𝐿+∆𝐿

𝐴+∆𝐴
                           (1) 

As the wire is stretched, the resistivity increases due to the strain 

on the wire. The length of the wire increases, and the area 

decreases, all causing an increase in resistance. This change in 

resistance can be measured and converted into a readable voltage 

signal. 

The conductive thread stitched sensors described in this 

research work differently than the simplified wire model. To 

demonstrate the behavior of sensors stitched into garments, a 

coverstitch’s strain behavior will be analyzed in terms of strain 

and resistance. The bottom thread of a 3-thread cover stitch is 

composed of conductive thread and is shown in Figure 1. While 

at rest the electricity flows along the entire length of the bottom 

coverstitch. This is the length Lrest. The bottom coverstitch 

undergoes strain when someone breathes and expands their chest 

pulling the stitches and causing threads to overlap. This increases 

the number of contact points in the stitch and decreases the 

length of the path electrons take which is shown as the dashed 

red line in Figure 1. The cross-sectional area A of the conductive 

thread may increase where stitches overlap each other. In areas 

where there is no thread overlap, area decreases. Significantly 

decreasing L in Equation 1 results in a much lower resistance R, 

where Lrest is significantly longer than Lstrained. The increased 

path area at points of overlap further decreases resistance R, 

while decreased area at points of no overlap increases resistance. 

Presumably, cross-sectional area of the conductive thread does 

not appreciably change compared to the distance L. Therefore, 

as conductive thread bottom coverstitched sensors are strained, 

the resistance is expected to decrease instead of increase.  

Past studies that have attempted to measure respiratory rate 

with stitched sensors integrated into garments have primarily 

utilized the fast Fourier transform (FFT) for signal processing 

[5]. FFT is derived from the discrete Fourier transform (DFT) 

that operates on a discrete signal [6]. The FFT is a faster 

algorithm to calculate the DFT, and there are many ways to 

perform the FFT. The FFT transforms a time dependent function 

into a frequency dependent function.  The FFT recreates the 

function by using a series of sinusoids superimposed upon one 

another [7]. However, a problem with calculating breathing rate 

using the FFT is the assumption that the continued signal 

 

 
FIGURE 1: Electrical path in the bottom conductive thread of a 

stitched sensor under strain, at rest (top) and under strain 

(bottom).  
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calculation is periodic. Breathing is not always a periodic signal, 

especially during medically relevant events, which if using FFT 

can lead to inaccurate results.  

An alternative to using FFT is digital zero-crossing 

detection. Digital zero-crossing detection utilizes an analog-to-

digital converter (ADC) circuit with instrument amplifying stage 

to compare an input voltage to a reference voltage [9]. To reduce 

the influence of noise and fault fluctuation in the output (noise 

due to unrelated body movements), a Schmitt Trigger circuit was 

introduced. The Schmitt Trigger circuit establishes an upper and 

lower threshold limit where the signal must cross both thresholds 

to output a Boolean value [8].  Digital zero-crossing does not 

require a periodic signal and can be accomplished more quickly 

than using the FFT and saves energy. Thus, using digital zero-  

crossing is also significantly less computationally demanding 

than FFT and saves energy. 

 The goal of this study is to develop a garment to measure 

respiratory rate using sensors stitched around the chest. Digital 

zero-crossing detection will be used to determine the respiratory 

rate from the measured signal.  

 
2. MATERIALS AND METHODS 

Analysis of sensor performance was determined through 

three major steps; evaluating the performance of a test sample of 

the stitched sensor, testing the actual sensor integrated garment 

in participant trials, and analyzing the resulting data to determine 

how the sensor readings compare to manual observation and 

counting of breathing rate. The materials utilized in the stitched 

sensor integrated garment, resistance versus displacement 

testing, wearable prototype construction, sensor calibration, and 

participant testing are described below.  

 

2.1 Materials 
A circuit board was wired using TI INA818 instrumentation 

amplifiers with a Quarter Wheatstone Bridge circuit for the 

measurement of resistance changes to determine instantaneous 

breath count. The circuit board was connected by wires to the 

sensor that was stitched onto the clothing with a Brother 2340CV 

Cover Stitch machine using 3-ply silver coated nylon thread with 

known resistivities being less than 10,000 ohms per meter. The 

clothing used was commercially available Athlio® athletic brand 

compressive fit t-shirts composed of an 87% polyester and 13% 

elastane blend.  

A custom-built apparatus for measuring tensile properties 

via tensile testing, the Minstrain [9], was used to determine the 

relationship between resistance and displacement. Tensile data 

was measured using the internalized Arduino Mega 

microprocessor. The Minstrain apparatus was further modified 

to contain a voltage divider circuit with an ADS1115 16-Bit 

ADC to measure the resistance changes due to strain.  The rate 

of displacement was set to 60 mm/min for a total displacement 

of 10 cm. 10 stitched sensor samples 12 cm in length and 4 cm 

wide were produced from Athlio® t-shirts. A 10 cm long silver 

sensor was sewn parallel to the direction of expected breathing 

strain of the samples (horizontally on the body) using the Brother 

2340CV Cover Stitch machine with a stitch length of 4 mm and 

a feed ratio of 1.0. The sample dimensions and feed ratio were 

determined by sewing feasibility through trial and error with 

consideration to the grip distance on the Minstrain. 

 

2.2 Resistance to Displacement Testing 
To verify the linear relationship between resistance and 

displacement, tensile testing was performed on stitched sensor 

samples. Samples were loaded into the Minstrain apparatus’ 

grips at a distance of 40 mm. Alligator clips were attached to 

opposite ends of the conductive thread coverstitched fabric 

sample to integrate it with the voltage divider circuit to measure 

resistance. Each sample was then tested at the specified 

displacement rate of 60 mm/min up to a maximum displacement 

of 100 mm (A 40% increase of the original sample length). The 

displacement, strain, and resistance values were determined for 

each sample. Each sample underwent 6 trials. The relationship 

between displacement and resistance was determined for each 

trial, and an average was calculated across all 6 trials for each 

sample. A linear fit was then calculated from each of the 10 

samples’ averages to calculate the resistance to displacement 

relationship. 

 

2.3 Wearable Prototype Construction 
Athlio® t-shirts were used to construct the initial prototypes. 

The conductive thread coverstitch was sewn beginning from the 

back of the garment to the front, and then returning to the back 

of the garment, leaving a 10 cm gap between the ends of the 

stitch. The sensor was located 8.5 cm below the armpit seam of 

the garment’s sleeve, placing it approximately 5 cm above the 

xiphoid process, the expected location of maximum thoracic 

expansion. The location of maximum thoracic expansion is 

dependent on the individual, as shown by experimentation done 

by Adedoyin et al, but this location is one of the primary zones 

for maximum chest expansion (upper thoracic expansion) [10]. 

The location of the stitched sensor is shown in Figure 2. Metal 

snaps insulated from static and electrical noise with Neoprene 

fabric were used as a non-permanent connection point between 

the sensor and the data collection hardware. A custom-built 

 

  
(a)                            (b) 

FIGURE 2: (a) Respiratory rate monitoring garment prototype 

with the thoracic sensor indicated with a red box and (b), 

sample of the stitched sensor.  
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microcontroller was attached to the metal connection points via 

wire and was located within a sewn pocket on the garment. 

 

2.4 Sensor Calibration 
The microcontroller was controlled by a start and reset 

function for the collection of data. Once started, the 

microcontroller calibrated itself and determined the upper and 

lower voltage thresholds for the total voltage range. Once 

calibrated, the microcontroller then determined the time between 

breaths from the amplified voltage readings. The microcontroller 

was set to output breath frequency and total breath count over 

the span of 1 minute.  

Digital zero-crossing detection was used to determine breath 

count and instantaneous breathing frequency. A calibration 

breathing trial was run to determine the appropriate threshold 

values for each participant. During the calibration trial, the 

threshold voltage was calculated as the averaged value of the 

highest measured voltage and the lowest measured voltage.  

±100 millivolts were added to the threshold voltage to determine 

the upper and lower threshold voltage values by which the 

Boolean values were determined for each breath.  

 
2.5 Wearable Prototype Testing 

Four healthy individuals between the ages of 20 and 39 with 

varying body mass indexes (BMI) of 20.4-26 participated in this 

study as a proof of concept. Each individuals’ characteristics are 

listed in Table 1. Each participant was fitted for a shirt 

corresponding to the standard sizes of extra-small, small, 

medium and large. Due to the prototyping limitations, the 

garments did not differ between male and female participants. 

The intended fit is to be tight, with little or no open space 

between the participant’s skin and the shirt. The participants 

were instructed to sit comfortably on the provided stool with both 

feet flat on the floor. All participants listened to the same white 

noise of a thunderstorm to provide a calm testing environment, 

which did not influence each person’s comfortable breathing rate 

during the trial. Each trial lasted for a total of 1 minute, the 

standard time used by medical professionals for the 

determination of respiration rate [4]. Two participants tested two 

separate garments, undergoing 3 trials for each garment, with 

one participant testing one garment for two trials trial, and the 

final participant testing one garment for one trial. Discrepancies 

between participant trials were due to multiple factors, including 

garment fit, body size and difficulties with the manual calibration 

of the circuit’s potentiometer. The garment was donned and 

doffed between each trial. Each trial was filmed for later 

confirmation of manual counting of each breath. Manual 

 

TABLE 1: Breathing rate participant characteristics. 

Participant Gender  Age BMI Chest 

Circumference 

A Female  31 20.4 82.5 

B Female  33 23 90 

C Female  39 26 102 

D Male  20 25.1 103 

counting was accomplished at the time of the trial independently 

by two or more individuals and confirmed later via video review. 

 

3. RESULTS AND DISCUSSION 
Results for both the resistance vs displacement testing and 

participant testing are reported below. Lasty, reflection and 

future intentions are included. 

 

3.1 Resistance versus Displacement 
Figure 3 shows the relationship between the resistance and 

the displacement determined during tensile testing. A total of 10 

samples were tested, each undergoing 6 trials apiece. Due to 

equipment or sensor malfunction, 4 samples and their subsequent 

trials were discarded. A total of 36 trials were used to determine 

the average slope, y-intercept and R2 value for the stitched sensor 

sample.  The equation of best fit for the samples is shown as a 

black dashed line of y = -8.1248x + 2423.8. The R2 value of the 

average slope is 0.5452. The y-intercept may differ between 

samples due to the fatigue experienced by the polyester (87%) 

threads in the sensor sample.  

From Figure 3, there is a linear trend for each of the sample 

averages plotted. Despite this visual trend, the average R2 lies at 

0.5452, indicating a moderate fit to the data. This may be due to 

noise that was detected during the trials. In Figure 3, there are 

several points along each of the linear curves where points 

drastically jump up or down. Noise from the surrounding 

environment and the tensile testing machine itself may be to 

blame for these instances, which can affect the average R2 value. 

This will also affect the slope and y-intercept. Differences in the 

y-intercept are interpreted as a break-in period for the sample, 

but more experimentation needs to be done for proof. From these 

tests, it is sufficient to say that the samples performed as 

expected, in a linear manner with resistance lowering as the 

conductive thread stitched sensor underwent increasing strain. In 

future testing, measures can be taken to reduce environment 

noise and its effect on results. 

 

 
FIGURE 3: Resistance(Ω) plotted against displacement(mm) 

for 6 samples of the stitched sensor. 
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3.2 Breath Count 
On average, the sensor undercounted the breath count by 

2.44 breaths across all trials. The completed respiratory rate 

monitoring garment and a sample of the stitched sensor are 

shown in Figure 2. In Figure 4, the letter indicates participant 

while the number indicates which shirt was worn in the trial. 

Deviations in manual breath count between independent 

observers are shown.  The line of y = x is the ideal scenario in 

which the sensor count, and the manual count agree. Most of the 

trials were undercounted, with 3 trials being overcounted by the 

sensor, and one trial where both the sensor and the manual 

observed count agreed, which can be seen in Figure 4. There 

were occasions on which the two or more manual observers 

disagreed in their count, which is shown by the error bars in 

Figure 4. There were 2 trials that were unsuccessful in capturing 

any sensor data and are not included in Figure 4.  
Construction of a Bland-Altman plot (Figure 5) was used to 

quantify the difference between the sensor read breath count and 

the manual breath count. The differences between observed 

count and sensor count appears to come from a normal 

distribution with W = 0.963385 and p = 0.8049 according to the 

Shapiro-Wilk test. The bias in the measurement methods is 

represented by the orange line signifying that the mean of the 

two methods on average is 2.44 counts higher than zero. Thus, 

the observer counts were that amount higher than the sensor 

counts on average for the same participant-garment trial. The 

dashed solid black lines represent plus and minus the standard 

error deviation for the mean difference between average 

observer count and sensor count. The averages of both observer 

and sensor counts as compared to differences between the counts 

for these methods are within a 95% confidence interval. All but 

one of the trials fits within the standard error based on a 95% 

confidence interval. 

Error between the sensor count and the manual count 

occurred for several reasons. The source of largest error was due 

to miscalibration of the potentiometer in the quarter Wheatstone  

 

FIGURE 4: Comparison of sensor read breath count 

(breaths/min) and manual breath count (breaths/min). 

 
FIGURE 5: Bland-Altman plot comparing the results of the 

sensor read breath count (breaths/minute) and the manual breath 

count (breaths/minute). 

 

bridge where the resistance became too high or too low, 

changing the value of the rail voltage (the highest measurable 

voltage). In this case, if the signal is higher than the rail voltage, 

it will be cut off, causing the sensor to miscount. Manual 

calibration was also one of the reasons for inconsistency between 

the number of participant trials. For those that the garment was  

too tight on (participants C and D), the potentiometer was unable 

to reach a high enough resistance to match the baseline resistance 

of the shirt due to overstretching. This caused the initial 

difference between the two arms of the quarter Wheatstone 

bridge to be greater than the difference in resistance caused by 

the breathing movement, thus making the resistance change due 

to breathing unnoticeable by the circuit. For another participant, 

the garment was not fitted enough for the participant and had to 

be pinned to reduce any looseness where the garment was not in 

contact with the skin which may have also affected the sensor.  

Sensor placement may also be a factor in differences 

between the sensor and manual breath counts. Breathing can be 

both a thoracic and abdominally involved motion, or it may be 

primarily one or the other depending on the individual and their 

current activity. Movement of these cavities could vary between 

participants, causing deviations between sensor read breath 

count and manual breath count. Manual observers can see the 

whole-body movement of each breath whereas the placement of 

the sensor was limited to only measure thoracic breathing.  

The sensor itself may have also undergone settling, which 

causes the sensor reading to change over time as the shirt 

becomes more accustomed to the wearer. Further testing is 

required to determine if this would be a major contributor to 

sensor miscount.  

Discrepancies were also found between independent manual 

observer counts. This is due to human error, which is somewhat 

dampened due to having multiple independent observers.  
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3.3 Continued Garment Improvement 
Despite there being differences between the sensor and 

manual breath count, the respiratory rate monitoring garment 

shows potential to accurately measure respiratory rate given 

some adjustments. Some of the future suggestions for 

improvements include changing the quarter Wheatstone bridge 

to a full Wheatstone bridge to increase sensitivity and improve 

sensor performance. Eliminating the need for manual calibration 

of the potentiometer (reference resistor) because this step leaves 

room for human error. Utilizing custom fitted garments for each 

participant to achieve the desired fit rather than commercially 

available garments. Placing stitched sensors on the garment to 

record movement of both the thoracic and abdominal cavities 

during respiration. In cases where the movement of the chest 

during breathing is slight, the abdominal sensor could make up 

for cases when the user breathes primarily abdominally. 

Increasing the number of participants to evaluate garment and 

sensor performance on a diverse pool of body shapes and sizes. 

Finally, fatigue testing to determine the effect that cyclic strain 

has on sensor performance and lifecycle.  

Introducing the preceding suggestions into the current 

design can reduce differences between the sensor read breath 

count and the manual breath count significantly, by reducing 

human dependence and improving fit.  
 

4. CONCLUSION 
This study showed the successful design and testing of a 

garment that monitors respiratory rate using conductive thread 

stitched sensors to measure the expansion and contraction of the 

chest. Digital zero-crossing detection was used as the mode of 

signal processing for the sensor to count breaths. Manual 

observations of breath count were taken and compared with the 

sensor count for three participants.  Results from participant 

testing showed that there was an observable linear relationship 

between resistance and displacement in stitched sensor samples, 

with the resistance decreasing due to the increased number of 

contact points in the bottom conductive thread of the coverstitch 

sensor.  The microcontroller utilized digital zero-crossing to 

successfully determine breathing rate real time. Finally, the 

performance of the garment with the integrated stitched sensor 

indicated that despite the sensor undercounting the number of 

breaths by an average of 2.44 breaths as compared to the manual 

breath count, the sensor integrated garment was able to 

determine a respiratory rate using the sensor. The researchers 

determined possible reasons for this error and made suggestions 

for future garment improvement.  
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