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Abstract: The respiration rate (RR) is an important vital sign for early detection of health

deterioration in critically unwell patients. Its current measurement has limitations, relying

on visual counting of chest movements. The design of a new RR measurement device

utilizing a self-heating thermistor is described. The thermistor is integrated into a hand-

held air chamber with a funnel attachment to sensitively detect respiratory airflow. The

exhaled respiratory airflow reduces the temperature of the thermistor that is kept at a

preset temperature, and its temperature recovers during inhalation. A microcontroller

provides signal processing, while its display screen shows the respiratory signal and RR.

The device was evaluated on 27 healthy adult volunteers, with a mean age of 32.8 years

(standard deviation of 8.6 years). The RR measurements from the device were compared

with the visual counting of chest movements, and the contact method of inductance

plethysmography that was implemented using a commercial device (SOMNOtouch™

RESP). Statistical analysis, e.g., correlations were performed. The RR measurements from

the new device and SOMNOtouch™ RESP, averaged across the 27 participants, were

14.6 breaths per minute (bpm) and 14.0 bpm, respectively. The device has a robust operation,

is easy to use, and provides an objective measure of the RR in a noncontact manner.

Keywords: noncontact respiration rate measurement; digital healthcare device; medical

electronics; medical devices; medical engineering

1. Introduction

Breathing and respiration involve a sequence of events that include air entering the

lungs and oxygen from the inhaled air diffusing from the alveoli into pulmonary capillaries

surrounding them and binding to the haemoglobin molecules in red blood cells. The

oxygen is transferred to the tissues by the red blood cells, where it is converted to energy,

and the resulting carbon dioxide is exhaled [1]. The respiration rate (RR) is the average

number of breaths (inhalation and exhalation cycles) per minute, which is defined in units
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of breaths per minute (bpm). The RR in healthy adults is typically 12–20 bpm [2]. A study

reported the median RR in children from birth to the age of 18 years [3]. According to the

study, the median RR in children reduces from around 44 bpm from birth to around 37 bpm

when aged one year. Thereafter, there is a steeper reduction in the RR to about 22 bpm by

the age of 6 years and a more gradual reduction to around 15 bpm when aged 18 years.

The RR, body temperature, heart rate, systolic blood pressure, level of consciousness,

and blood oxygen saturation level are the main vital signs for monitoring patients. The

RR is an early indicator of deterioration in critically ill patients and can be used to predict

patients at risk of conditions such as cardiac arrest [4]. Measuring the RR in acute hospital

wards at least daily is encouraged [5]. Despite the importance of measuring the RR, it is

often missed because of difficulties in its measurement [6–11].

The current method of measuring the RR that involves observing the patient’s chest

and manually counting its movements for 15 s has limitations [12]. The approach is subjec-

tive, and its multiplication by four to obtain the RR in bpm magnifies the measurement

error. Manual RR measurement in young children can be more challenging than adults due

to their higher RRs and, in some cases, their lack of co-operation.

To overcome the limitations of manual counting of chest movements, several objective

RR measurements methods were reported that can broadly be grouped as contact and non-

contact. In the contact methods, the sensing element is attached to the subject’s body, while

in the noncontact methods, the measurement is performed without any body attachment.

A comparison of contact and noncontact RR measurement methods in children was carried

out, highlighting their strengths and limitations [8]. The study indicated that noncontact

RR methods are preferable, especially for children, as they are less disruptive as compared

to the contact methods.

The aim of this work was to design, develop, and evaluate a new easy-to-use, accurate,

and cost-effective noncontact RR measurement device. The noncontact feature of the device

means a less intrusive measurement compared to the contact methods that is particularly

valuable in pediatrics. Furthermore, the measurement becomes consistent and objective,

as it would not require visual counting of chest movement. The contact RR measurement

methods may stress cause stress for paediatric patients and thus inadvertently altering their

RR. The new device was primarily designed for children; however, it is also applicable

for adults. The device is referred to in this article as the Contactless Pediatric Respiration

Monitor (CPRM).

The CPRM uses a self-heating thermistor to detect respiratory airflow and applies

signal processing to determine the RR, as discussed in the methodology section. The utilized

technique of anemometry is a flow measurement technology with multiple industrial

applications. Its advantages include high sensitivity at low flow rates, durability, and

robust sensing construction [13]. The use of a self-heating thermistor for anemometry

provides high sensitivity to the flow rate, and low power consumption [13]. Some related

design considerations were reported in a previous study, in which a thermistor was used as

part of a thermal anemometer [14]. The contributions of this study include the following:

• An overview of recent technological developments in RR measurement.

• The design and development of a new, easy-to-use, cost-effective, robust, noncontact

RR measurement device.

• A thorough simulation and associated design calculations to establish the operating

parameters of the self-heating thermistor for noncontact RR measurement.

• Evaluation of the performance of the new RR measurement device against RR mea-

sures obtained by chest movement visual counting and by using a commercial respira-

tory measurement device called SOMNOtouch™ RESP [15].
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In the following sections, an overview of the related literature is provided, the design

details are explained, and evaluation results are presented.

2. Related Literature Outlining Developments in Respiration
Rate Measurement

There are several reviews exploring various developments in measuring the RR,

e.g., [8,16–21]. An overview of the RR measurement methods is provided in this section.

The main contact-based RR measurement methods include the following:

• Pulse-oximetry-based method: Pulse oximeters use the principle that oxyhemoglobin

and deoxyhemoglobin absorb red and near-infrared (IR) light distinctly [22]. The

approach measures oxygen saturation in peripheral arterial blood (SpO2) [23] and

converts it to an electrical signal from which the RR is determined. The method,

however, has limitations, e.g., SpO2 may be normal during an increased RR due to

hypercapnia [23].

• Electrocardiogram (ECG)-derived RR (EDR): In this approach, the RR is determined

from an ECG signal. The method is noninvasive and can be performed in both time

and frequency domains. The movement of the chest due to respiration causes the

distance between the electrodes used to measure the ECG to vary. This results in

dynamic variations in the Q, R, and S features of the ECG [24] from which the RR is

determined. A few approaches were reported to determine the RR using the EDR [25].

In the frequency domain, the ECG is band-pass filtered, and its magnitude frequency

spectrum is determined by using the discrete Fourier transform (DFT). The frequency

associated with the highest peak in the magnitude frequency spectrum is used to

determine the RR [24]. The positive aspect of these methods is that an available ECG

machine could be utilized for this purpose (new equipment would not be required).

However, EDR methods have limitations [26], e.g., signal distortion due to any body

movements and its computational complexities.

• Chest movement tracking: A variety of approaches were reported for tracking chest

movement and converting the information to a respiratory signal. A piezoelectric

sensor embedded into a soft elastic band wrapped around the chest produced a signal

that, once conditioned and digitized, indicated the RR [27]. Accelerometers placed on

the chest converted respiration-related chest movements to an electrical signal [28–32].

In an optical approach, a Mach–Zehnder interferometer (an instrument that measures

the relative phase shift variations between two collimated beams produced by splitting

light from a single source) has been integrated into a belt worn on the abdomen to

provide a means of measuring the RR [33]. In inductive plethysmography, chest

movement is typically tracked by two separate bands embedded with conducting

wires wrapped around the chest and abdomen. The signals from the bands indicate

the RR [34].

These methods may not be very intrusive. However, the contact nature of these meth-

ods limits their applicability in environments such as accident and emergency departments,

where a quick RR measurement is advantageous.

• Contact-thermistor-based method: A thermistor/thermocouple taped under the nose

detects an increase in temperature during exhalation and a decrease in temperature

during inhalation. The resulting temperature variations produce a respiratory signal

generated by the sensor. The approach provides a semiquantitative estimation of

respiratory airflow (i.e., an indirect measure). Its operation is nonlinear and has a slow

response time [34].

• Nasal-prongs-based method: The method provides an indirect measurement of res-

piratory airflow, relying on the differential pressure of the flow and atmospheric
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pressure [35]. The relationship between the measured pressure and the respiratory

airflow is nonlinear [35]. The prongs are plastic tubes placed into the nostrils, and a

tube connects them to the device measuring the airflow. Some young children do not

tolerate the method due to its intrusiveness.

• Thoracic impedance pneumography: Movements of the chest during breathing cause

variations in the thoracic impedance, resulting in an RR-related electrical signal [36].

The main noncontact (contactless) RR measurement methods include the following:

• Infrared thermal imaging: The principle associated with this approach is that during

exhalation, warmer respiratory air from the lungs increases the skin temperature of

the nose, mainly around the nostrils. During inhalation, the environmental air passing

through the nose reduces the skin temperature of the region. These temperature

fluctuations result in variations in the amount of infrared (IR) radiated from the region.

The IR radiation can be measured over time by an IR thermal imaging camera and

converted to a respiratory signal. Several studies have developed and evaluated this

approach, e.g., [37,38]. The cost of the thermal camera is a consideration in adapting

this approach. Furthermore, any large head movement can cause the respiratory

region of interest to move out of the field of view of the camera, thus interrupting

the measurement.

• Vision-based method: The approach uses a visual camera to track respiration-related

chest movement [39–41]. The method is susceptible to background light intensity,

body movements, and the effectiveness of the tracking algorithm used to deal with

body movement.

• Carbon dioxide sensing: Exhaled respiratory air has a higher concentration of carbon

dioxide (CO2) in comparison with its concentration in the environment. A noncontact

CO2 sensor detects the variations in the CO2 concentration in the air near the subject

and converts them into a respiratory signal. Recent technological developments have

significantly improved the capability of miniature CO2 sensors [42,43], making this

method more practical [20]. The approach is susceptible to distortions such as the

presence of another person in the vicinity of the patient being monitored. Sensitive

CO2 sensors are costly and often require a pump to direct the respiratory airflow into

the sensor, adding an extra cost.

• Humidity measurement: The moisture level of the exhaled air is typically higher than

that of the recording environment. Humidity sensors can detect moisture variations

and produce a respiratory-related signal. There are multiple sensor types for this pur-

pose, e.g., nanomaterials coated on a substrate can absorb water molecules changing

one or more of their properties [44].

• Respiratory sound measurement: This approach relies on converting the respiratory

sounds to an electrical signal using one or more sensitive microphones [45,46]. The

method is susceptible to background sounds that could be much stronger in magnitude

than the respiratory-related sounds [47].

• Radar-based method: A radar sensor placed in front of the chest detects variations in

its distance to the chest during inhalation and exhalation [48–51], thus providing a

means of measuring the RR over time. The method can be sensitive, but it is prone to

environmental noise [52].

• Ultrasound-based method: The operation of ultrasound (US) is based on acoustic

energy with frequencies higher than 20 kHz. A US transceiver (transmitter and

receiver) detects the reflected acoustic signal from the chest, converting the variations

in its distance to the chest. This approach has been developed and evaluated [53–55].

For ease of comparison of the RR-related studies, a summary table is provided in

Table A1 in Appendix A.
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3. Methodology

In this section, the design of CPRM and its evaluation are described. Initially, an

overview of the device’s operation is included, and then a more thorough explanation of

its parts is provided.

3.1. Overview of CPRM Hardware

The block diagram of CPRM is shown in Figure 1, and its use with a child is shown in

Figure 2.

 

Figure 1. CPRM block diagram indicating its main elements.

 

Figure 2. CPRM in use with a child [56].

CPRM consists of two main sections:

• Section A: This represents the device’s respiratory airflow transducer. It detects the

respiratory airflow through its self-heating thermistor located in an air chamber. The

air chamber has a funnel attachment for an improved respiratory airflow guidance.

The thermistor generates an electrical signal in response to the respiratory airflow.

This section also contains the start RR measurement trigger mechanism.

• Section B: This is the device’s base unit that is connected by a wire to the transducer

section (i.e., Section A). It receives the electrical signal from section A and processes it

using a microcontroller. The microcontroller communicates with the RR measurement-

start trigger mechanism, sends information to an LCD to indicate the recording time

(this is count down of time in seconds from the time the trigger is pressed to the

final measurement), displays respiratory signal, and shows the value of the RR when

measurement is completed. The microcontroller also activates a buzzer indicating RR

value is ready to read from the LCD. The base unit contains power supply regulators

and a 12 V rechargeable battery. It has ports to connect it to its battery charger. The

unit has a power switch ON/OFF button and a safety fuse.

The sections of CPRM are shown in Figure 3a, and the base unit has been opened as

depicted in the image to show its electronic circuitry in Figure 3b. Figure 4a shows the
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inner parts of the 3D-printed transducer section with the funnel removed, and Figure 4b

shows the location of the thermistor. The transducer section was made using a standard 3D

printer with the material ABS (Acrylonitrile Butadiene Styrene plastic). The melting range

of ABS is about 190–270 ◦C, and it is generally accepted that it can safely be used without

distorting up to 100 ◦C.

(a) (b) 

Figure 3. (a) A photograph of CPRM displaying its transducer and base units. (b) CPRM base unit

case opened to show its electronic circuitry.

 

(a) (b) 

Figure 4. (a) The inner parts of the 3D-printed transducer section with the funnel removed. (b) The

thermistor location.

Figure 5 shows the transducer section with its funnel removed and the related dimen-

sions in millimeters.

To measure RR, the operator positioned the funnel of the transducer section toward the

participant’s face and monitored the respiratory signal on the device’s screen. The distance

of the funnel to the face was typically about 20 cm. The actual distance was established by

the operator of the device, ensuring that a respiratory signal was visible on the device’s
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screen before pressing the start RR measurement trigger mechanism of the device. The

device could detect respiratory airflow up to 30 cm from the face in some participants.

(a) (b) (c)

(d) (e) (f)

Figure 5. The transducer section with its funnel removed and related dimensions shown in millime-

ters. (a) The funnel air inlet side. (b) The funnel reverse end, the solid red line indicates diameter.

(c) The funnel side view. (d) Side view of the transducer section with the funnel removed. (e) Front

view of the transducer section with the funnel removed. (f) Reverse view of the transducer section

with the funnel removed.

3.2. Calculations for the Design Thermistor Circuit and Its Operating Temperature

A self-heating thermistor acted as the sensor to convert respiratory airflow to an

electrical signal from which RR was determined. Therefore, its type and design parameters

were crucial in the successful operation of the device. In this section, the calculations and

simulations undertaken to determine the type and operating parameters of the thermistor

are described. The mathematical symbols used in this section and their meanings are

included in Table 1.

Table 1. List of mathematical symbols for calculations in Section 3.2 and the parameters.

Symbol Parameter (Unit)

Dt Power dissipation coefficient for thermistor (Watts)
It Current through the potential divider (Amp)
Pt Power dissipation in thermistor (Watts)
Ro Resistance of thermistor at temperature To (Ω)
Rs Potentiometer series resistance (Ω)
Rt Resistance of thermistor at temperature T (Ω)
T Thermistor temperature (K)
Ta Ambient temperature (K)
To Base temperature for thermistor (usually 298 K)
V Velocity of air stream (m/s)
Vs Potentiometer supply voltage (Volts)

A
Temperature coefficient of thermistor resistance at temperature

T (Ω/◦C)
β Thermistor constant

∆T Thermistor rise in temperature above ambient (◦C)
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Thermistor Design Assumptions

Some assumptions were required to make the design practical. However, literature

searches and discussions with relevant experienced clinicians were carried out to ensure

validity of these assumptions. Wherever possible, the related references are included. The

respiratory airflow tidal volume is estimated to be 20–500 mL (infants to adults), with

respiration rates varying from 6 to 60 bpm, i.e., a period of 1–10 s (corresponding frequency

1–0.1 Hz). The longest time to exhale air is assumed to be half the longest period, i.e., 5 s.

Assuming the velocity of the respiratory air during exhalation is constant, the lowest exhale

air velocity (u) is

u =
Lowest tidal volume

Largest respiratory orice area × Longest time period
(1)

The point of exhalation could be nasal or oral. Oral exhalation is assumed, since it is

the largest area and results in the lowest respiratory airflow velocity. The area is estimated

to be about 4 cm2 maximum (equivalent to a 1.77 cm orifice diameter). So, the lowest

velocity is at 6 bpm (i.e., one exhalation cycle every 5 s), and 20 mL per breath through an

area of 4 cm2 results in a minimum estimated exhaled air exit velocity of

Minimum estimated velocity =
20 × 10−6

5 × 4 × 10−4
= 0.01 m/s (2)

This velocity value is significantly toward the lower limit, since the lower respiration

rates are typically observed in adults who have much larger tidal volumes than children.

Although not particularly critical, the maximum respiratory airflow was estimated from

maximum adult tidal flow at about 15 bpm (one inhale and one exhale, with each lasting

2 s). Using an orifice of about 2 cm2, respiratory airflow velocity is

Respiratory air f low velocity =
500 × 10−6

2 × 2 × 10−4
= 1.25 m/s (3)

The exhaled airflow is captured with a funnel, the outlet of which is directed into

the device’s air chamber containing the self-heating thermistor. The incorporation of the

funnel was essential to increase the respiratory airflow catchment area and to allow for

any misalignment between the sensing air chamber axis and direction of the respiratory

airflow. Various experiments and designs were explored in terms of aesthetic appearance,

ease of use, and functionality of the air chamber. The final design had a funnel having

an outer diameter of 83 mm feeding into a sensing air chamber that was 89 mm in length

and 18 mm in diameter. The length of the air chamber was sufficient to ensure laminar

flow for all conditions of use (Reynolds number much less than 2000), and its diameter

was sufficiently large to maintain airflow drag to minimum while ensuring that it was

maximized in the region of the thermistor sensor. The latter was mounted on the axis of the

air chamber approximately halfway along its length. The diffusion between the exit orifice

of the exhalation and the funnel and misalignment with the respiratory airflow direction

were estimated to reduce the airflow through the air chamber to a conservative 25% of

the initial exhaled air velocity, i.e., 2.5 mm/s. In practice, it was found that the actual

minimum airflow levels were greater than this by about 50% of the calculated velocity

(i.e., 50% of 1.25 m/s = 0.625 m/s) which was also determined by a 2D computational

fluid dynamics (CFD) analysis. The requirements for the thermistor sensor then could be

specified as follows:

• Respiratory signal frequency range: 0.1–1 Hz.

• Minimum respiratory airflow velocity: 0.005 m/s.
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• Maximum respiratory airflow velocity: 0.312 m/s.

3.3. Design of Self-Heating Thermistor Sensor Circuit

A negative temperature coefficient (NTC) thermistor, which is a semiconductor-type

device whose resistance reduces with temperature increase, was used in the device’s design.

The thermistor was a self-heating type, where the cooling of the thermistor was a function

of the respiratory airflow velocity. The resistance variations were converted to an electrical

signal representing respiratory airflow. Compared to typical anemometry applications,

the current application required much higher sensitivity and shorter response time. The

absolute values of the respiratory airflow velocity were not needed for this design, since the

device only required the variations (i.e., rate of change) in the respiratory airflow velocity

to determine the value of RR. A potential divider circuit (shown in Figure 6) was used

to generate an output voltage signal for the thermistor. The series resistor (Rs) limited

the current (It) to the thermistor—represented by its variable resistance as Rt. The signal

from the thermistor (Vt) was subsequently band-pass filtered and amplified (explained in

following sections). The processes of determining the values Rs and Rt are explained in the

next sections.

 

Figure 6. The potential divider for the thermistor (A and B are the connection points for the thermistor).

3.3.1. Selection of Thermistor Resistance and Its Series Resistor

The resistance of a thermistor (Rt) at a specific temperature (T) is expressed as

Rt = Ro × eβ( 1
T −

1
To ) (4)

where Ro is the thermistor resistance at temperature To, β is the thermistor constant [57],

and Rs is the series resistance shown in Figure 6. From this equation, the temperature

coefficient (α) of resistance at temperature T for a thermistor is

α =
d(Rt)

d(T)
= −

β

T2
(5)

In this design, to maximize the sensitivity of the thermistor as an air velocity sensor

and to ensure detection of the highest respiratory airflow variation frequency, the following

parameters required consideration in the design:

i. Selection of a thermistor with a high value of β.

ii. Operation of the self-heating thermistor at a temperature significantly higher than

the ambient (room) temperature to maximize the cooling effect due to the respiratory

airflow with due regard to the reduction in α as temperature increases.

iii. Selection of a thermistor with a low thermal time constant.

iv. Electrical characteristics compatible with the proposed circuit function.
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The design consideration (i) was realized by selecting an appropriate thermistor

type. Consideration (ii) was governed by the choice of the thermistor supply volts and

potential divider resistance (Figure 6), as explained later. Consideration (iii) required a

suitably low impedance output signal but with a low power consumption, and as such,

thermistors with Ro values of 2–10 kΩ were considered suitable. Consideration (iv) was

critical, since if the thermal lag was too long, the higher respiratory frequencies would be

heavily attenuated. The thermal lag is linked to thermal capacity and dissipation rate, so it

is generally dependent on the shape and size of the thermistor and the lead wire material

and gauge. So, a small device with thin leads was best for this application. Ideally, a

relatively high dissipation factor is also beneficial, since this would imply a high sensitivity

to the cooling by the airflow. Many types of thermistors were commercially available,

matching the electrical characteristics, but most had a relatively long thermal lag. Due

to the critical nature of this parameter, some preliminary tests were performed on the

two most suitable thermistor types having similar electrical characteristics but different

thermal lag times and dissipation: (a) the Betatherm Betacurve 3K3A1W2 series and (b) the

Measurement Specialties Micro-BetaCHIP 10K3MCD1 thermistor type. Using the circuit

shown in Figure 6, the associated tests are described in the next section.

3.3.2. Thermistor Time Constant (Thermal Lag)

The thermistor time constant defines the speed at which the thermistor resistance

changes when experiencing a change in the surrounding temperature. This is analogous

to the time constant of an electrical resistor (R)–capacitor (C) filter. For liquids, this is

quoted in data sheets as less than 1 s for the Betacurve device, and for the Micro-Beta

device, it is 0.2 s. However, we did not find the required data for air, so tests were carried

out to determine its approximate value. To carry out these tests, the supply voltage was

applied to the circuit shown in Figure 6, and when stable conditions were reached, a flow

of 60 mm/s was switched on (via an electromagnetic valve) for 1 min and then off again,

with continuous monitoring of thermistor voltage and current. The thermistor voltage

variation with time was exponential, as shown in Figure 7. This was as expected, since the

system is analogous to an RC network. The attenuation factor in terms of time constant (τ)

is interpreted in Table 2.

 

Figure 7. Response times for 3K3A1W23k and the 10K3MCD1 10k thermistors (rising edge corre-

sponds to 60 mm/s flow switched on—i.e., cooling phase). Blue plot is for 3 kΩ thermistor, and

orange is for 10 kΩ thermistor.

The time constants derived from exponential plots in Figure 7 demonstrate that the

long thermal lag of the Betacurve device precluded it from use in this application, and no

further analysis was carried out for this device.
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Table 2. The attenuation factor in terms of time constant (τ).

Thermistor
Type

Action
Time Constant

(τ, Seconds)
Attenuation (Vtf/Vto) at 1 Hz

(Equivalent to 60 bpm)

Betacurve 3K3A1W2

Power on 20 -
Flow 0–60 mm/s 12.3 0.0129
Flow 60–0 mm/s 18.2 0.0087

Micro-BetaCHIP-type
10K3MCD1

Power on 5 -
Flow 0–60 mm/s 4 0.0398
Flow 60–0 mm/s 5 0.0318

3.3.3. Dissipation Factor (Dt) Calculations for the Selected Thermistor

The steady state measurements of thermistor voltage and current obtained from the

thermal lag test also enabled the dissipation factor Dt to be determined for the selected

thermistor mounted in the air chamber (the tube containing the thermistor) as follows:

Steady state values were derived as follows:

Vt = 7.9 Volts, It = 1.59 mA, Ta = 12 ◦C

Pt = Vt × It = 12.56 mW (6)

Rt =
Vt

It
= 4.97 kΩ (7)

From the thermistor data sheet, its temperature (t) at the resistance value (Rt) can be

read, allowing the actual dissipation factor Dt to be determined as follows:

Dt =
Pt

t − Ta
=

12.56 mW

41.5 − 12
= 0.43 mW/◦C (8)

This test was repeated for the thermistor in free still air and found to also be approxi-

mately 0.43 mW/◦C. In the data sheet, the still air value for Dt is quoted to be 0.3 mW/◦C.

Since the precise conditions used for obtaining this value were not described, the difference

may be due to conduction through the connecting leads.

3.3.4. Thermistor Operating Temperature Calculations

The thermistor operating temperature needs to be at high enough to give a large

change in resistance (∆Rt) with the respiratory airflow velocity (u), i.e.,
d(Rt)
d(u)

needs to be a

maximum. The cooling effect of the air stream and thus the temperature of the thermistor

are directly proportional to the difference between T and ambient (room) temperature:

d(T)

d(u)
= C(T − Ta) (9)

where C is a cooling constant, and Ta is ambient temperature. As

d(Rt)

d(T)
=

−β

T2
(10)

we can write
d(Rt)

d(v)
=

d(Rt)

d(T)
×

d(T)

d(v)
=

−β

T2
C(T − Ta) (11)

Differentiating this with respect to T allows the maximum conditions for
d(Rt)
d(T)

to be

defined as
β

T3
C(T − 2Ta) = 0 (12)
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i.e., the running temperature T = 2 × ambient temperature Ta. This is well above a de-

sirable operating temperature and exceeds the limiting conditions for the thermistor, but

it does confirm that the sensitivity increases with usable ranges of T. Thermistors are

semiconductor-like devices and are easily damaged when operated above their manufac-

turers’ stated maximum temperature ratings. For this application, the maximum ambient

temperature was estimated to be 35 ◦C. The minimum working temperature range for

a typical thermistor is about −20 ◦C to 105 ◦C. The lower temperature limit will not be

a limitation, but it is important not to exceed the upper temperature limit. Allowing a

safety margin of 25%, the upper temperature limit is about 75 ◦C. Ambient temperature is

specified to be 10 ◦C to 35 ◦C. So, the self-heating of the thermistor must not increase its tem-

perature by more than about 40 ◦C maximum. A rise of 35 ◦C was eventually chosen such

that the ‘at rest’ temperature of the thermistor would not exceed 70 ◦C to avoid possible

damage to the heat chamber (sensing tube) and the thermistor supporting components.

3.3.5. Selection of Supply Voltage and Potential Divider Series Resistance Values

In this section, the supply voltage (Vs) and the potential divider series resistance (Rs)

values are determined.

Supply Voltage (Vs): A conventional low-cost 12-volt rechargeable lead acid battery

(as described in the following sections) was selected for Vs, since this suited the power

requirements for any LED or similar device that might be used as embellishments that

might be added to the device in the future. Depending on the state of charge, the actual

battery can vary from around 11.5 to 14.7 volts, so a value of 13 volts was used in the

calculations to determine the value of Rs.

Series Resistor (Rs): In a potential divider such as the one shown in Figure 5, the

output thermistor voltage (Vt) is given by

Vt =
Vs × Rt

Rs + Rt
(13)

For the greatest sensitivity value, the variation in Vt with Rt needs to be maximized, i.e.,

dVt

dRt
=

Vs × Rs

(Rs + Rt)
2

(14)

The parameter dVt
dRt

is at a maximum when Rt = Rs. This equivalence cannot be

maintained under all conditions due to the variation in Rt with temperature, so the aim

should be for an Rs value that is in the region of the range of the Rt values expected through

the working temperature range.

Optimum value for (Rs): Although, as shown above, Rs = Rt for maximum sensitivity,

the chosen Rs value must also ensure that the thermistor runs within the selected operating

temperature range. The temperature rise, ∆T (in ◦C), of the thermistor due to self-heating

is given by

∆T =
Pt

Dt
= (T − Ta) (15)

where Pt is the power dissipation in the thermistor given in watts (W), and Dt is the

thermistor dissipation coefficient given in W/◦C. For a potential divider circuit shown in

Figure 6, the current, It, flowing through it is

It =
Vs

Rt + Rs
(16)
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where Vs is the potential divider supply voltage, and Rs is the series resistor. The power

dissipated by the thermistor Pt is

Pt = It
2 Rt =

(

Vs

Rt + Rs

)2

Rt (17)

From Equations (14)–(16),

∆T = (T − Ta) =

(

Vs

Rt + Rs

)2

×
Rt

Dt
(18)

Solving for positive values of Rs from Equation (17),

Rs =
2

2Dt(T − Ta)

(

Dt × Rt × (Ta − T) + Vs × (Dt × Rt × (T − Ta))
0.5

)

(19)

where

Rt = Ro × eβ( 1
T −

1
To

) (20)

In Equation (19), for a given thermistor, the variables are Ta and Vs, so the equation

provides a valuable guide as to the suitable Rs values required to achieve the designed

temperature rise (T − Ta) over the possible range of battery voltages. The values indicated

below correspond to the Micro-BetaCHIP-type 10K3MCD1 thermistor:

• Thermistor parameter β = 3976.

• Dt = 0.413 mW/◦C (see Section 3.3.3).

• To = 298 K.

• Vs = 12–14 V.

• T − Ta = 35 ◦C.

The plots for Ta = 10 ◦C to 35 ◦C are shown in Figure 8.
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Figure 8. Variations in Rs with Ta for supply voltages 12 V, 13 V, and 14 V. Ro = 10 kΩ to determine

optimum Rs value.

Figure 8 indicates that the values of Rs ranged between 2.3 kΩ to 3.4 kΩ depending on

ambient temperature and battery voltage. A value of 3.3 kΩ was selected for Rs. Although

this value of Rs is higher than the ideal for the lower battery voltages, it nevertheless

ensures that the temperature will not rise to an unacceptable level when the battery is fully

charged. The suitability of this value was checked by a test of the thermistor mounted

in the air chamber with the chosen values of Rs and the voltage across it., i.e., Vs. As
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described previously (Section 3.3.3) by measuring the thermistor voltage (Vt) and current

(It) (Figure 6), both its temperature and dissipation rate could be determined for various

values of flow rate. The results obtained are presented in Table 3 and Figure 9, which show

the measured dissipation rate variations with airflow velocity. These indicate a reduction in

sensitivity as the cooling airflow velocity increased. This is as expected, since as the airflow

velocity increases, the thermistor temperature decreases, thus reducing its temperature

differential with respect to the ambient temperature.

Table 3. Measured values of Dt at various airflow rates.

Velocity
mm/s

Vs

(Volts)
Ta

(◦C)
Vt

(Volts)
It (mA)

Pt, = Vt ×

It (mW)
Rt = Vt/It

(kΩ)

Temperature
(◦C)

(Data Sheet)

Dt

(mW/K)
∆Dt

(mW/K)

0.0 13 11.8 8.02 1.53 12.27 5.24 40.20 0.43 0.00

5.2 13 12.6 8.03 1.52 12.21 5.28 40.00 0.45 0.01

13.6 13 12.6 8.19 1.47 12.04 5.57 38.70 0.46 0.03

26.2 13 12.6 8.51 1.38 11.74 6.17 36.30 0.50 0.06

39.3 13 12.6 8.75 1.3 11.38 6.73 34.20 0.53 0.09

56.1 13 12.4 8.97 1.23 11.03 7.29 32.30 0.55 0.12

71.5 13 12 9.14 1.18 10.79 7.75 30.90 0.57 0.14

87.3 13 12 9.22 1.16 10.70 7.95 30.30 0.58 0.15

112.3 13 11.9 9.37 1.11 10.40 8.44 28.90 0.61 0.18
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Figure 9. Measured power dissipation variation with airflow velocity.

The plot of Figure 9 was fitted to a second-order polynomial which could be used

to predict the thermistor dissipation factor (D, mW/◦C) at various airflow velocities (v,

mm/s), i.e.,

D = −10 −5 v2 + 0.0027v +0.4314 (21)

3.3.6. Calculation of Estimated Sensitivity with the Selected Thermistor and Rs Value

It was considered valuable to develop a method of predicting the results of Table 3,

since it would allow for the performance of different thermistors and associated components
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to be assessed without the need for practical measurements. It would also allow for

checking the results at different ambient temperatures. Solving Equation (19) for Dt,

Dt = V2
s

Rt

∆T
(

R2
t + 2Rt × Rs + R2

s

) (22)

where

Rt = Ro × eβ( 1
Ta+∆T −

1
To

) (23)

Substituting Rt from Equation (23) into Equation (13) allows the output voltage,

Vt, versus temperature rise (∆T) to be determined, and Equation (20) defines the power

dissipation, Dt, versus temperature rise (∆T). Using data from these equations, it was

possible to plot estimated the thermistor output voltage, Vt, as a function of the power

dissipation, Dt (Figure 10). The results corresponded well with the measured values. The

results are valuable because power dissipation is directly related to the cooling effect of the

respiratory airflow, and thus, Figure 10 indicates the predicted overall sensitivity.

 

Figure 10. Calculated and measured steady thermistor output voltage as a function of power

dissipation at different ambient temperatures.

3.3.7. Thermistor Output Voltage Measurements at Different Respiration Rates and
Flow Velocities

Tests were carried out to ensure that the attenuation due to the thermistor time constant

did not reduce the thermistor output signal amplitude to unacceptable levels. To enable the

signal to be magnified, the steady state (zero airflow) DC (direct current) thermistor voltage

was balanced out, so the figures show the voltage change when the airflow was switched

on. Figure 11 shows two such traces, with the remaining results summarized in Figure 12.

The actual minimum and maximum values were 0.02 volts and 0.71 volts, respectively.

  

(a) (b) 

Figure 11. Examples of the thermistor (Vt) output voltage traces: (a) airflow velocity = 63 mm/s, 10 s

cycle; (b) airflow velocity= 63 mm/s, 1 s cycle.
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Figure 12. Summary of thermistor output voltage amplitudes at different cycle times and flow rates.

3.3.8. Theoretical Relationship Between Respiratory Airflow Velocity and Power
Dissipation Rate

The relationship between thermistor power dissipation rate, Dt, and the respiratory air-

flow velocity is complex and depends on the Prandtl, Nusselt, and Reynolds numbers [58],

which are in turn related to the physical parameters and the velocity distribution of the air

stream and the shape and size of the thermistor. Studies have investigated cooling effects

such as this and have developed empirical formulae to enable theoretical predictions of

cooling rates, but all tend to be specific to the particular characteristics of the test arrange-

ment. Since the thermistor output response versus airflow rate fitted well to a second-order

polynomial over the range of interest for this device, it was not considered useful to go

through the process of adapting the published formulae.

3.4. Description of Device’s Electronic Circuitry

In this section, the design of the device’s electronic circuitry is described.

3.4.1. Signal Conditioning Circuit

The thermistor signal was fed via a cable to a pre-amplifier circuit in the base unit

section of the device (shown in Figure 1). The circuit used an OP200 dual low offset,

low-power operational amplifier [59]. It consisted of a high-pass filter that ensured that

the “at rest” direct current (DC) voltage component from the potential divider was blocked

from the amplifier input. The thermistor amplification circuit is shown in Figure 13.

Figure 13. The thermistor signal amplification circuit: R1 = 10 kΩ, C2 = 2200 nF, R4 = 220 kΩ,

R1 = 10 kΩ, R2 = 50 kΩ, R3 = 200 kΩ variable, C1 = 220 nF.

The inherent thermal lag of the thermistor provided an adequate low-pass filtering

to remove any spurious pulse signals arising from sudden changes in airflow velocity,

e.g., airflow changes from the recording room air conditioning, among others. However, an

additional electronic low-pass filter circuit was included to remove any higher electromag-

netic frequencies that might be picked up by the circuit. Two amplifier stages were adapted,
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with the first being a simple voltage follower that provided a consistent high-impedance

load for the thermistor circuit. The second stage had an adjustable gain (through R3 vari-

able resistor) to allow the circuit gain to be trimmed during its testing. The second stage

also provided the additional filtering for spurious high-frequency noise. The operational

amplifiers were supplied with a 3.3 V power source via a voltage stabilizer (discussed in

following sections). This voltage level ensured compatibility with the microcontroller input.

The amplified thermistor signal was digitized by the microcontroller’s analogue-to-digital

convertor (ADC, 10-bit resolution).

3.4.2. Microcontroller

STM32F407 Discovery board device [60], shown in Figure 14a, was used for the device

to control the respiration rate measurement, perform required operations, and display

the relevant information on the device’s display unit. Its LCD display [61] is shown in

Figure 14b.

 
(a) (b) 

Figure 14. (a) STM32F407 VGT6 Discovery microcontroller used for the device [60], (b) STM32F4DIS-

LCD [61].

This microcontroller is designed for industrial and consumer applications, utilizing

32-bit Arm® Cortex®-M4 with floating-point unit (FPU) core, 1 Mbyte flash memory and

192-Kbyte random-access memory (RAM) (STM Microelectronics). It provides low power

consumption, high performance, and ease of use with developing applications. With its

32-bit microprocessor, it supports digital signal processing instructions and a wide range of

standard communication protocols. It is compatible with multiple Integrated Development

Environments (IDEs), such as Keil MDK-ARM. The microcontroller was connected to an

STM32F4DIS-LCD [61] (shown in Figure 14b) to allow the respiratory signal and RR rate to

be displayed.

3.4.3. Recording Start Trigger Mechanism Circuit

The start RR measurement trigger mechanism was integrated into the transducer part

(section A) of CPRM. Its circuit is shown in Figure 15. It incorporates a 4N25 optocoupler

(manufacturer: Vishay Semiconductors) [62] with a 1 kΩ resistor at its input and 10 kΩ

pull-up resistor connected to regulated 3.3 volts (Vcc).
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Figure 15. Optocoupler (4N25) [62] circuit for start recording trigger mechanism.

This optocoupler is an industry standard dual-in-line 6-pin package. Its incorporation

ensured isolation of the operator of the device from the electrical circuitry. By pressing the

trigger mechanism, the device’s output pin (i.e., pin 5) goes high (i.e., to the supply voltage,

Vcc). As the device’s output is connected to an input port of the microcontroller, a change

in voltage level would indicate the start of RR measurement.

3.4.4. Buzzer Mechanism Circuit

The buzzer mechanism was incorporated into the device’s base unit section to indicate

completion of RR measurement, allowing the operator of the device to read the measure-

ment. Its circuit (shown in Figure 16) consisted of an IRF530 (N-channel) MOSFET [63] that

is designed for fast switching and requires a simple drive circuit. Its resistance is 0.16 Ω

and can operate from −55 ◦C to +175 ◦C. The gate input pin of IRF530 was connected to an

output pin of the microcontroller. Its input pin was raised to ‘high’ for a second to activate

the buzzer.

 

Figure 16. The buzzer circuit alerts the operator to read the RR value from CPRM display.

3.4.5. Regulated Power Supply Circuit

The power supply elements of the device consisted of a 12 V, rechargeable, sealed lead

acid, 0.8Ah, YUCEL battery [64] (Figure 17a). The battery was housed in CPRM base unit

with an external port to connect its charger. Its charger was an Ansmann ALCS 2-24A [65]

(Figure 17b). There were two voltage regulators: one providing 5 V (Figure 17c) and the

other proving 3.3 V (Figure 17d). The 5 V regulator circuit incorporated a 7805T [66] device

that is commonly used in electronic circuits to provide a constant +5 volts output for a

variable (unregulated) input supply voltage. Its minimum and maximum input voltages

are 7 V and 25 V, respectively. Its operating current is 5 mA. A 3.3 V regulator circuit was

incorporated [67] into the device.
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(a) (b) 

(c) (d) 

Figure 17. The elements of the device’s power supply unit: (a) 12 V rechargeable battery [64],

(b) battery charger unit [65], (c) 7805T [66] regulator for 5 V supply, (d) LD1117V33 [67] regulator for

3.3 V supply.

3.5. Description of the Device’s Software

In this section, the method of determining RR from the recorded respiratory signal

and other aspects of CPRM’s software are explained. CPRM uses a signal sample rate

of 20 samples per second to record the respiratory signal. The signal was stored on

the STM32F407 VGT6 Discovery microcontroller [60] memory storage. Given that the

respiratory signal was unlikely to exceed 60 bpm or 1 Hz, 20 sample per second was

adequate. The software was set up to capture 1024 samples (data points). This corresponded

to a recording duration of 1024/20 = 51.2 s. To determine RR, the fast Fourier transform

(FFT) operation was prepared in C language and integrated into the microcontroller. Using

the FFT function, the magnitude frequency spectrum of the recorded respiratory signal

was obtained by determining absolute (magnitude) values of the resulting discrete Fourier

transform complex numbers. A requirement for FFT operation is that the number of data

points (N) needs to conform to 2k, where k is an integer number. In our work, k = 10,

resulting in 1024 samples. The frequency resolution provided by 1024 data points was

calculated by dividing the sample rate by the total data points, i.e., 20/1024 = 0.0195 Hz.

This frequency resolution corresponds to RR resolution of 0.0195 × 60, i.e., about 1 bpm.

Reducing the number of recorded sample points negatively affects the RR resolution

(accuracy of measuring RR), and increasing the number of samples results in a longer

measurement time (this issue is discussed further in the Discussions section). CPRM used

the frequency corresponding to the highest peak in the magnitude frequency spectrum to

determine RR (i.e., RR in bpm = frequency associated with the highest peak × 60).

As part of evaluating CPRM (details included in the next section), its measure-

ments were compared with a commercially available respiration monitor, SOMNOtouch™

RESP [15]. This device does not indicate RR, but it can record respiratory signals from two

bands—one wrapped around the chest and the other around the abdomen. These signals

were averaged to determine an overall respiratory effort. A typical respiratory signal

recorded using SOMNOtouch™ RESP is provided in Figure 18. Its magnitude frequency

spectrum, with the frequency associated with the highest peak = 0.269 Hz, is also shown in

the figure. This frequency corresponds to an RR of 0.269 × 60 = 16.1 bpm.
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Figure 18. Respiration signal recorded using SOMNOtouch™ RESP (top figure) and its magnitude

frequency spectrum (bottom figure).

The microcontroller code was based around a state machine approach for the user

interface and display updates. A hardware-based timer interrupt and the microcontroller’s

onboard 12-bit analogue-to-digital converter in Direct Memory Access mode were used

to ensure that timing and data acquisition were accurate, as required for the subsequent

software based FFT operation. The start of the measurement cycle was controlled by the

device trigger button connected to an external interrupt pin on the microcontroller.

3.6. CPRM Evaluation Procedure

The evaluation of CPRM in the current study involved 27 healthy adult volunteers;

however, CPRM has also been previously evaluated on children (details of this evaluation

are included in the Discussions section). The ethical approval for the study was granted by

the UK’s National Health Service (NHS reference number SCH/13/018, correspondence

reference 149145). The participants were provided with the study’s information sheet

that outlined the details of the study, their rights, and the means of data handling. The

participants signed a consent form agreeing to take part in the study. The mean and

standard deviation of their ages were 32.8 years and 8.6 years, respectively (minimum

and maximum: 20 years and 52 years, respectively). The participants were 9 males and

18 females.

The participants sat in a comfortable chair and were asked to relax and breathe nor-

mally. For comparison to CPRM, the inductance plethysmography was performed using

SOMNOtouch™ RESP device. The recording room temperature was around 22 ◦C. Two ex-

perienced clinicians (about 30 and 10 years related clinical experience) were simultaneously

involved with each experiment. A clinician operated the CPRM device, and another visu-

ally determined the RR by counting chest movement of the participant while the participant

wore the SOMNOtouch™ RESP device. The two clinicians performed their measurements

independently to ensure that the RR values were not biased by the RR reading of another

method. The RR measurements from the three methods (visual counting of the chest

movement, SOMNOtouch™ RESP, and CPRM) were simultaneous. The monitoring dura-

tion for all three methods was the same allowing consistency in the measurements. For

each participant, the experiment was repeated four times, and the results were averaged.

Statistical mean values, scatter plots, and box plots were used to compare the RRs obtained

for the three methods.

4. Results

The means and the standard deviations of the measured RRs by the CPRM, visual

counting of chest movement, and SOMNOtouch™ RESP are shown in Table 4. The mean

RR values ranged from 13.1 bpm for the visual counting method (lowest value) to 14.6 bpm
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(highest value) for the CPRM. The highest RR variability (5.5 bpm) across the participants

(measured by the standard deviation) was associated with the SOMNOtouch™ RESP de-

vice.

Table 4. Mean and standard deviation of respiration rates determined by the three methods.

Respiration Measurement
Method

Mean Respiration
Rate (bpm)

Standard Deviation of
Respiration Rate (bpm)

CPRM 14.6 5.0

Visual counting of
chest movement

13.1 4.8

SOMNOtouch™ RESP 14.0 5.5

The percentage differences (shown in Table 5) between the RRs measured using the

three methods were lowest for the CPRM and SOMNOtouch™ RESP, i.e., 3.8%. The

difference was highest between the CRRM and visual counting, i.e., 11.0%.

Table 5. Percentage difference between respiration rates measured by the three methods.

Respiration Measurement
Method

Percentage Difference
in Means (bpm)

Percentage Difference in
Standard Deviations (bpm)

CPRM versus Visual 11.0% 3.4%

SOMNOtouch™ RESP
versus Visual

6.7% 10.4%

CPRM versus
SOMNOtouch™ RESP

3.8% −6.9%

Conformance to normal distribution for the RR measure was examined using the

Shapiro–Wilk test, and none of the measures conformed to the normal distribution

(i.e., p = 000, to 3 decimal places). Therefore, to analyze the correlation between the RR

obtained using the three methods, Spearman’s rank correlation was adapted, as it is more

suited to non-normally distributed data compared to Pearson’s correlation. The resulting

correlation matrix is provided in Table 6. The highest correlation (i.e., 0.900) was between

the CPRM and SOMNOtouch™ RESP, and the lowest (i.e., 0.892) was between the visual

counting of chest movement method and the CPRM.

Table 6. Correlation coefficients matrix for respiration rates obtained using the three methods.

Respiration
Measurement Method

CPRM Visual SOMNOtouch™ RESP

CPRM 1.000 0.892 0.900

Visual counting of
chest movement

0.892 1.000 0.985

SOMNOtouch™ RESP 0.900 0.985 1.000

The scatter plots of the RR measurements using the three methods are shown in

Figures 19–21. The best straight-line fit is shown in red. The methods provided a close

relationship; however, two outliers are visible in the plots.
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Figure 19. Scatter plot of respiration rate measured by CPRM against the visual chest movement

counting method.

 

Figure 20. Scatter plot of respiration rate measured by SOMNOtouch™ RESP against the visual

counting of chest movement.

Figure 21. Scatter plot of respiration rate measured by CPRM against SOMNOtouch™ RESP.

The box plots comparing the RR measurements using the three approaches are pro-

vided in Figure 22. The red line inside each boxplot is the measurement median, which is

close for all three approaches.

Figure 22. Box plots of the three respiration rate methods (the red lines indicate median values).
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5. Discussions

The design and evaluation of the CPRM device as a new noncontact, cost-effective,

and easy-to-use RR measurement device were described. The device operates by detecting

respiratory airflow using a self-heating thermistor. This provided a sensitive and sufficiently

fast response to variations in respiratory airflow and coped well with a broad range of RR

values. The device’s hardware provided the required signal conditioning to ensure accurate

noise removal and digitization. The optimal operational parameters of the self-heating

thermistor for RR measurement were determined through careful design and simulations.

The features of the microcontroller provided an effective means of determining RR. The

device’s display unit shows the respiratory signal in real time, the RR rate (after completion

of measurement), and the timing information (i.e., count down of time, in seconds, from

when the measurement started to the end of measurement). Once the measurement is

complete, the RR value is displayed on the device’s screen, and the operator is altered by a

buzzer to read the value from the display.

In this study, the CPRM was evaluated on 27 healthy adult volunteers with simul-

taneous RR measurements of chest movement visual counting and the SOMNOtouch™

RESP device. To determine the RR using the SOMNOtouch™ RESP device, its recorded

respiratory signal was processed using fast Fourier transformed offline, and the frequency

associated with the highest peak in its magnitude frequency spectrum was identified and

multiplied by 60 (providing the RR in bpm). The RR values obtained simultaneously using

the three methods were close; however, the mean RR for chest movement visual counting

method was 11% lower than the RR from the CPRM, i.e., 13.1 bpm for visual counting

against 14.6 bpm for the CPRM (i.e., difference of 1.5 bpm). The mean percentage difference

between the RR measured by the CPRM and that determined from the SOMNOtouch™

RESP was 3.8%, or 0.6 bpm. The difference was lower than the difference between the RR

measurements obtained by the CPRM and visual counting of chest movement.

The visual counting method is the “usual care” method that is used routinely in clinical

practice but is known to have low interobserver reliability (subjective measurement) [10].

The SOMNOtouch™ RESP device was adapted for an objective measurement comparison

with the CPRM.

The evaluation of the CPRM reported in this study focused on healthy adult volunteers.

However, in our earlier study, we also evaluated the CPRM on 30 children (aged 8 months

to 15 years) at Sheffield Children’s Hospital (Sheffield, UK) [9]. The measurements were

simultaneously obtained from respiratory inductance plethysmography bands, visual

counting of chest movements, and the CPRM. The results showed substantial agreement

between measurements from the CPRM and the RIP (interclass correlation coefficient; 0.762;

95% CI 0.633–0.850). When the measurements from two of the children with significantly

dysfunctional breathing were excluded, the CPRM showed a much higher correlation with

the RIP method (interclass correlation coefficient: 0.981; 95% CI 0.968–0.989), with 95%

limits of agreement found at –2.49–0.77 breaths/min.

The future direction of the work include the following:

• Miniaturization of the device: Currently, the CPRM uses a base unit with dimension

length = 24 cm, width = 16 cm, and height = 9 cm. However, it is possible to replace

the current microcontroller board with a more dedicated microprocessor-integrated

circuit and use surface mount electronic components, thus reducing the device’s size.

Its rechargeable battery can also be replaced with a smaller type.

• RR recording time: Currently, 1024 samples (data points) were recorded at 20 samples

per second. This corresponds to a recording duration of 1024/20 = 51.2 s. In the

follow-up model of the device, the recording duration will become adaptive, allowing

a lower recording duration for babies and young children (who have higher respiration
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rates compared to adults) that may not cooperate and a higher recording duration

for adults that have a much lower respiration rate and are more cooperative. This

would require an alternative means of determining the RR from the respiratory signal,

e.g., breath-by-breath RR calculation, whereby the time between successive respiratory

cycles is measured [27].

• The CPRM will be further evaluated in clinical settings on a larger population of varied

age groups. This would allow more substantial statistical analysis.

• We will ensure full conformance with the medical devices directives (MHRA) [68] to

allow its routine clinical use.

6. Conclusions

The hardware and software designs and development of a new noncontact respiration

rate (RR) monitor utilizing a self-heating thermistor were described. The process of designing

the parameters of the self-heating thermistor was outlined. The device (CPRM) facilitates RR

measurement objectively compared to the subjective visual chest movement counting method

that relies on the experience and level of attention of the clinician. The RR measured by the

CPRM was close to that obtained from a commercial device called SOMNOtouch™ RESP. The

CPRM is easy to operate, cost-effective, and robust in its functioning.
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Appendix A

Table A1. Comparisons of RR measurement technologies, methods used for evaluations, and findings.

Study
RR Measurement
Technology

Methodology Main Findings

[53] Ultrasound transceiver

An ultrasound transceiver was
adapted as part of Internet of Things
and cloud to measure respiration rate
in a simulated setting.

Tests in a simulated setting
demonstrated respiration rate
could be measured in a
noncontact manner.

[49] Microwave Doppler radar

Microwave Doppler radar was used to
obtain different dynamics of breathing
patterns in addition to the
respiration rate.

Doppler radar was found to be
effective for respiration rate
measurement, identifying
breathing patterns, and
tidal volumes.
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Table A1. Cont.

Study
RR Measurement
Technology

Methodology Main Findings

[36]
Thoracic electrical
impedance pneumography

A simple wireless impedance
pneumography system for sensing
respiration is reported. It was
evaluated on fifteen volunteers.

The device could measure the
respiratory cycle variations.

[33]
Fiber Mach–Zehnder
interferometer (optical
approach)

A Mach–Zehnder interferometer was
incorporated in a textile belt and
attached to the abdomen. The setup
was evaluated by measuring the
respiration rates of six volunteers.

The setup successfully measured
respiration rate in the
individuals tested.

[69] Pulse oximetry

Fifteen healthy adults (mean age
21 ± 1.2 years) were recruited, and the
sensor was attachedto the left index or
middle finger.

RR could be determined from
pulse oximetry.

[24] ECG-derived

Several methods were proposed to
improve accuracy and reduce
computational complexity, accuracy,
and power consumption for
ECG-derived respiration
rate estimation.

The proposed method achieved
high QRS detection accuracy
(99.18%) and low ECG-derived
respiration rate estimation mean
absolute error (0.73).

[25]
Single-lead ECG-derived
respiration (EDR)

Ten methods of computing single-lead
ECG-derived RR (EDR) were
compared under different
operating conditions.

QRS-slopes-based method
outperformed other ECG-derived
RR measurement methods.

[70]
Photoplethysmography
and capnography

30 healthy volunteers (mean age
43 ± 12 years) were recruited to
monitor respiratory patterns at various
respiratory rates.

Photoplethysmographyon the
sternum provided measurements
ofrespiratory rate comparable
to capnography.

[38] Infrared thermal imaging

Forty-one adults and 20 children were
recruited, and their facial infrared
thermal images were recorded. Image
processing methods were used to
determine respiration rate from the
recorded images.

The correlation between
respiratory rate measured using
infrared thermal imaging and a
contact method used for
comparison was 0.94.

[40] Vision (RGB camera)
A phantom study was carried out in a
laboratory environment simulating
sleep monitoring.

The findings from the study can
improve the understanding and
applications of
camera-basedrespiration
measurement.

[39] Vision-based

RGB cameras and convolutional neural
network were used to automatically
detect the region of interest and
measure RR.

The method was reported to
measure RR with an error of
approximately 0.1 bpm.

[54]
Mobile phone and
ultrasound

The built-in speaker of a mobile phone
was used to generate an ultrasound
signal, and the phone’s microphone
was used to receive the signal reflected
from the subject.

The method tracked chest
movement and estimated RR
under different test conditions.

[71] Mobile phone application

30 healthy adult subjects were
recruited. RR was estimated by
determining the median time between
breaths obtained by tapping on a
mobile phone’s screen.

The method resulted in improved
efficiency compared to
manual counting.
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Table A1. Cont.

Study
RR Measurement
Technology

Methodology Main Findings

[31] Accelerometry
An accelerometer worn on the chest
was used to measure RR.

The method estimated RR with a
mean difference of 1.9 bpm
compared to respiratory
inductance plethysmography.

[72] Review
A review of RR estimation from the
electrocardiogram and pulse oximetry
(photoplethysmogram, PPG)

Numerous algorithms have been
proposed to estimate RR from the
electrocardiogram (ECG) and
pulse oximetry that provide an
opportunity for automated
RR measurement.

[8] Review
Contact and noncontact respiration
measurement methods were compared,
focusing on children.

Noncontact respiration rate
measurement methods are
preferrable in children due to
their higher tolerance, but more
developments are needed.

[73]
Systematic review of RR
measurement technologies

PubMed, Embase, and Compendex
databases were searched for
publications through September 2017
to assess RR measurement
technologies.

The focus of the paper was RR
measurement to identify
childhood pneumonia. There is
an urgent need for affordable and
effective RR measurement
technologies.

[7] Non-experimental survey

A double-blind survey of nurses in
Asia Pacific, Middle East, and Western
Europe to understand RR
measurement practices by nurses.

The study highlighted the need to
enhance international nursing
education regarding the
importance of measuring
respiration rate.

[6]
Systematic literature
review

Reviewed CINAHL, PubMed, Medline,
and Scopus to explore how registered
nurses are measuring respiratory rate
in adult acute care health settings.

Despite its importance, the review
indicated that RR is not being
assessed correctly by nursing staff
in the acute careenvironment.

[19] Review
A discussion of developments in
wearable respiratory sensors.

There is a growing interest in
wearable respiratory sensors and
opportunities for innovations.
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