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The design of a handheld capnography device is in great demand because of its e®ective and
practical uses in all cardiac arrest resuscitations, according to the recommendation of the
American Heart Association. Herein, a handheld capnography device that can be used in clinical
settings and the home environment is reported. The proposed device was developed by using an
infrared CO2 sensor, Arduino Mega2560, and a high-resolution display (2.8"). Furthermore, two
rechargeable batteries (7.6V, 0.99A) and a secure digital card with a capacity of 16GB were
incorporated to increase the portability and usability of the device. Algorithms were implemented
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to measure standard features, namely, inspired CO2 (ICO2), end-tidal CO2 (EtCO2), and re-
spiratory rate (RR). The features of 15 healthy subjects were recorded by using the developed
prototype and the standard capnography device (CapnostreamTM20 Model CS08798). Validation
was performed with Bland–Altman plots. Findings revealed that mean di®erences � standard
deviations for the set limits of ICO2, EtCO2 and RR were 0:29� 1:30 millimeters of mercury
(mmHg), 0.15� 1.77mmHg and 0:40� 0:97 breaths per minute (bpm), respectively. Most of the
di®erences among device measurements across all features fell within the 95% limits of agreement.
Thus, the developed device may help manage respiratory distress conditions in and outside of a
hospital setting.

Keywords: Arduino board; capnogram; carbon dioxide sensor; cardiorespiratory; monitoring
system.

1. Introduction

The continuous measurement of human respiratory
CO2 by using a capnograph provides valuable in-
formation about cardiopulmonary resuscitation,
endotracheal tube placement, pulmonary embolism,
and procedural sedation, as well as information
about the e®ect of air pollution on cardiopulmonary
characteristics and the e®ectiveness of a treatment
for a patient with respiratory distress (speci¯cally
asthma, chronic obstructive lung diseases, and
congestive heart failure).1–7 Existing CO2 measure-
ment devices, such as arterial blood gas, arterialized
capillary blood gas, and venous blood gas analysis
devices, are considered to be the gold standard in
clinical practice.8–10 However, these devices are in-
vasive, require the recurrent collection of blood
samples for CO2 measurement, and possess several
limitations; for example, their use requires expertise
and skills; they cause pain to the patient and blood
loss; and they involve time-consuming processes
that pose hazards and in°ict damage to tissue,
nerves, and vessels.11,12 Moreover, they measure
only the current respiratory rate, which may change
drastically within a short period.13 These demerits
may be overcome by the use of a noninvasive and
continuous CO2 measurement device, such as a
capnograph. A study conducted by Transparency
Market Research revealed that the need of the
global market for capnography devices is about to
grow by US $0.6156 billion by the year 2020 due to
the increasing incidence of respiratory diseases that
require e®ective treatment.14 However, the cur-
rently available capnograph device is bulky and
expensive.15,16 Hence, a strong need exists for an
inexpensive and light-weight device that is similar
to a capnograph and that can be used in clinical

settings and the home environment to manage re-
spiratory distress by measuring a minimal set of
parameters, such as inspired CO2 (ICO2), end-tidal
CO2 (EtCO2), and respiratory rate (RR).

Over the past several years, few attempts have
been made to develop time-based capnography by
using diverting and nondiverting techniques. In
2013, Santoso and Dalu Setiaji17 presented a di-
verting capnograph that uses a nondispersive in-
frared (NDIR) CO2 sensor, ATmega8535, and
display modules (an organic light-emitting diode
[LED] seven-segment display with a resolution of
128� 64) to measure EtCO2, RR, and CO2 signals.
Nevertheless, the limited data memory, program
memory, and universal asynchronous receiver/
transmitter (UART) of the microcontroller restricts
sketch length and communication mode. In addi-
tion, the use of two displays increases the com-
plexity of the system and the computation cost
of the device.17 Subsequently, Bautista et al., de-
veloped an alternative capnograph that uses a
sprint infrared (IR) sensor, a microcontroller
(ATmega328), a LED display, and a Bluetooth
module. However, the device can only display CO2

concentration values.18 Zaharudin et al., reported a
respiratory CO2 measurement system for home
monitoring that uses the MG-811 CO2 sensor.19

However, the device was tested only on ¯ve sub-
jects. Hence, the used sensor has insu±cient e±-
ciency in detecting human respiratory CO2.

19

Sameen et al., reported a portable respiratory CO2

monitoring device that is based on the nondiverting
technique.20 In this device, the inconsistency of the
capnogram curve complicates quantifying other es-
sential features from the shape of the CO2 signal.

20

Additionally, the sampling rate (20Hz) of the used
sensor is insu±cient for processing the obtained
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CO2 signals; thus, resampling is required and may
increase the computation cost of the device. Be-
tween the technologies used to develop capno-
graphy devices, the diverting technique is
considered because it is more convenient, easier to
use, and more widely available than nondiverting
technology in clinical and hospital settings.21

Moreover, it enables capnography monitoring even
when a patient is in an unusual position.17 Hence, in
this work, we proposed to develop a handheld and
light-weight capnography device based on the di-
verting method that could be utilized in clinical
settings and the home environment.

The complete research °ow of this study is pre-
sented as follows. A block diagram is presented in
Sec. 2.1 to provide an overview of the proposed
device. The computation and transmission pro-
cesses and processing algorithm which includes
noise reduction, feature computation, and trans-
mission algorithm, of the proposed device are de-
scribed in Sec. 2.2. The data collection and
recording procedures used to determine the perfor-
mance of the developed device are explained in
Sec. 3. The obtained results are presented in Sec. 4,
and the ¯ndings are discussed in Sec. 5. Finally, the
conclusion and the future direction of this research
are provided in Sec. 6.

2. Methodology

2.1. Block diagram of the proposed
capnography device

The block diagram of the proposed capnography
device is depicted in Fig. 1. The device consists of
four main parts: a CO2 acquisition unit, processing
unit, real-time control (RTC) unit, and display
unit. The CO2 signal is attained from the subjects
through a sampling tube and then diverted to the
microcontroller unit for the purpose of computation
and transmission. A high-resolution display is used
to display the CO2 signal and other parameters,
such as maximum and minimum CO2 concentra-
tions, breathing rate, and activity through serial
communication. The RTC unit performs the data
logging into a secure digital (SD) card which is
being controlled by the processing unit. Each of
these parts is explained in detail in the following
sections. In addition, a schematic, breadboard and

printed circuit board (PCB) layout of the proposed
device are illustrated in supplementary Figs. S1–S3,
respectively.

2.1.1. CO2 acquisition unit

The CO2 acquisition unit consists of ¯ve main com-
ponents: a sampling tube, direct current (DC) motor,
pump, moisture trapper and CO2 sensor. A nasal
cannula, with a length of seven feet, is placed be-
tween the water trap and subject to transport the
CO2 samples. The incorporated water trap is highly
sensitive and traps the moisture and patient secre-
tions while maintaining the morphology of the CO2

signal. In addition, a 0.2� hydrophobic porous and
particular (200�) ¯lters were integrated with the
water trap to eliminate the residual water vapor from
gas samples while keeping a laminar °ow which
minimizes the distortion of the CO2 waveform. The
aforementioned features introduced solutions to
problems that have previously posed challenges to
the capnograph in the intensive care unit (ICU),
intensive cardiac care unit (ICCU), neonatal inten-
sive care unit (NICU), critical care unit (CCU), and

Fig. 1. The overall block diagram of the proposed prototype
capnography device; the CO2 acquisition unit consists of a nasal
cannula, water trap, pump, motor, and CO2 sensor, the pro-
cessing unit (ATmega2560) elucidates the data transmission
and computation, the display unit (2.8", TFT) displays the
CO2 signal, ICO2, EtCO2, and RR via SPI, the RTC unit
provides an accurate timing, and the features are saved into a
SD card.
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intra-transport applications. Thereafter, the CO2

samples were drawn from the nasal cannula until the
speed of the CO2 sensor reaches 50 milliliters per
minute (ml/min) by using the pump and DC motor
that allow using the proposed device at a high RR of
150 breaths per minute (bpm). Furthermore, the
CO2 samples were drawn at a sampling rate of
100Hz via the IR CO2 sensor, which has a response
time of 2 s. The sensor has 3-pin UART communi-
cation at the transistor–transistor logic (TTL) level
for transmitting and receiving the CO2 data between
the sensor and the microcontroller.

2.1.2. Processing unit

The Arduino mega 2560 is employed to process the
CO2 samples for computation and transmission
purposes. The Arduino is an open-source micro-
controller board that is based on the ATmega2560.
It is used in UARTs fashion to read TTL (5V)
inputs from external switches, buttons, displays,
sensors, etc. It contains a 16MHz crystal oscillator,
power jack, universal serial bus (USB) connection,
in-circuit serial programming (ICSP) header, and
reset button. The reset button is required for driv-
ing the microcontroller by connecting a USB cable
to a computer or power supply with an alternating
current (AC) to DC adapter or battery. Also, the
Arduino board can operate on an external power
supply of 6V to 20V. However, the recommended
power supply range is 7V to 12V. Besides, it dis-
plays the CO2 data from the CO2 sensor on the
serial port simultaneously, which is not possible for
Arduino Uno with higher baud rates of 19,200 and
115,200 bits per second (bps).

The Arduino integrated development environ-
ment (Arduino IDE) software is used to program
the Arduino Mega 2560 based on the processing
IDE which is installed in the computer. It uses a
simple C-based code (other programming lan-
guages, such as Splish, can also be used) to operate
the Arduino that is known as a sketch. A collection
of sketches for a speci¯c purpose is referred to as a
library which often makes the programming task
simpler for the programmer as the code is hidden
inside the library. The computation and transmis-
sion algorithms were implemented on an Arduino
sketch by using the necessary libraries in addition to
local and global variables.

2.1.3. Real-time control (RTC) unit

The RTC module (DS3231) is used to save the
recorded data on the SD card with the respective
date and time to follow up the information of the
subjects. The module is composed of a low-cost
and extremely accurate inter-integrated circuit
(I2C) real-time clock in addition to an integrated
temperature-compensated crystal oscillator. It is
incorporated into a 3V lithium battery to maintain
an accurate timing when the main power supply of
the device is interrupted. The RTC unit maintains
seconds, minutes, hours, day, date, month, and year
information. Moreover, it automatically adjusts
months with a fewer number of days than 31, in-
cluding alteration of the leap year. In addition, it is
easy to be integrated with a microcontroller.

2.1.4. Display unit

The Adafruit thin ¯lm transistor (TFT) is used for
displaying the CO2 signal and its associated fea-
tures. The display is large (2.8" diagonal), bright
(four white-LED backlight), colorful, and has a
four-wire resistive touchscreen. It can be drived
with a minimum power supply of 3V. Additionally,
it has a higher resolution of 240� 320 pixels than an
organic LED that has a resolution of 128� 64 pix-
els. Also, it has a built-in controller with a random
access memory (RAM) bu®er which reduces the
work of controlling. The display can be interfaced
with the microcontroller in two modes: 8-bit or se-
rial peripheral interface (SPI). For an 8-bit inter-
face, there is a need of 8 digital data lines and 4 or 5
control digital lines to read and write to the display,
whereas the SPI mode requires only 5 pins: SPI data
in, data out, clock, select, and d/c. However, an 8-
bit mode has a higher transmission speed of data
compared to the SPI. On the other hand, the SPI
mode is preferable over the 8-bit mode when the
speed of data does not mandate. In addition, the
SPI mode is simple, fairly °exible, and easily inter-
faced with various microcontrollers. It also allows
the use of micro SD card on the same SPI bus,
which is not supported in an 8-bit mode. Therefore,
this display module (TFT-2.8") is employed in this
work to develop a small and user-friendly CO2

measurement device. The following section dis-
cusses the algorithms that are used for the proces-
sing of the CO2 signal.
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2.2. Noise reduction, feature
computation and transmission

algorithms

2.2.1. Noise reduction algorithm

Low-pass ¯lter: A ¯rst-order ¯nite impulse response
(FIR) low-pass ¯lter (LPF) is implemented in the
Arduino IDE to restrict the bandwidth and increase
the sharpness of the CO2 signal. The cut-o® fre-
quency (fc) of the ¯lter is set to 10Hz22 with a
sampling time of 0.01 s. The ¯lter's transfer function
is given by Eq. (1).

HðSÞ ¼ !c

Sþ !c

: ð1Þ

Where !c ¼ 2�fc.

Moving average ¯lter: A moving average ¯lter
(MAF) is included in the Arduino IDE to provide a
smooth CO2 waveform, by removing high frequency
components,23 and consequently reduce the overall
computation cost of the device. The ¯lter's span
width is set to eight based on the trial and error
method24 that analyzed a set of datum points by
creating a series of averages of di®erent subsets of
the full data sets. This ¯ltering process is imple-
mented by using Eq. (2).

yðnÞ ¼ ½yðnþmÞ þ yðnþm� 1Þ � � � þ yðn�mÞ�
2nþ 1

:

ð2Þ
Where yðnÞ represents the average value of
n-points, m indicates the neighboring data points
on either side of yðnÞ, and 2nþ 1 is the span width.

2.2.2. Features computation algorithm

Figure 2 shows the °owchart for the algorithm that
is used to acquire the CO2 signal and compute its
features (i.e., ICO2, EtCO2, and RR). The UART
mode is initialized; baud rate - 19,200 bps, data - 8
bits, stop bit - 1 bit, and parity - none and the local
and global variables are de¯ned in the Arduino IDE.
The UART send (Tx) and receive (Rx) pins of the
CO2 sensor are connected to the serial port of the
microcontroller to transmit and receive CO2 data
from the sensor to the microcontroller and vice-
versa. Thereafter, the sensor is activated and 100
data packets are obtained every second (i.e., the
sampling rate is 100Hz).

The CO2 data is available with each data packet
while ICO2, EtCO2, and RR are accompanied with

last three data packets along with the CO2 data.
Besides, Test Log Macro is incorporated into the
Arduino IDE to verify the data packet reception
and other text information during the debugging
process. Furthermore, a new baud rate of
115,200 bps is assigned to visualize the data on the
serial port of the computer. Both baud rates 19,200
and 115,200 bps are de¯ned as Serial and Serial 1,
respectively. Serial and Serial 1 indicate the trans-
mission speeds of the data packets received from the
CO2 sensor and transmitted on the serial port of the
computer, respectively.

Serial 1 ¯nds out the data packets with 0� 80
and stored into the bu®er with index zero by
clearing and resetting the bu®er. Subsequently, it
prints the new data packet on a new line on the
serial port, displays and logs the same data on the
serial terminal via Macro. The next data packet
illustrates the length of a data packet and provides
the data information. If the second data packet is
0� 04, then it accompanied only CO2 data
(CO2WB1 and CO2WB2) and the state is known as
without deep packet inspection (DPI). If the second
data is 0� 07, then it consists of CO2, ICO2,
EtCO2, and RR and this condition is known as with
DPI. Furthermore, the received data packets are
cross-checked with the checksum byte and stored
into the bu®er with an increment of one to the
index. The checksum is calculated by using Eq. (3).

Checksum ¼ ð� ðSum of all bytes in packet

including start of byte in HexÞ þ 1Þ
& 0� 7F ð3Þ

If the checksum and last data packet are the
same, then the rest of data packets are computed.
Otherwise, the data is thrown away and the
packet is rearranged into the bu®er and look for
the new data packet. The authenticated data
(CO2, ICO2, EtCO2, and RR) are then calculated
as follows:

CO2 ¼
ð128� C1þ C2Þ � 1000

100
; ð4Þ

ICO2 ¼
128� I1þ I2

10
; ð5Þ

EtCO2 ¼
128� P1þ P2

10
; ð6Þ

RR ¼ 128� R1þ R2

10
: ð7Þ
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Where, C1, C2, P1, P2, R1, R2, I1, and I2 are
analog data packets which are received from the
CO2 sensor with and without DPI.

2.2.3. Features transmission and display

algorithm

The °owchart presented in Fig. 3 shows the algo-
rithm that is employed for transmitting and dis-
playing the CO2 waveform and its features onto the
display. Initially, local and global variables in ad-
dition to necessary hidden libraries, such as SPI.h,
Adafruit GFX.h, and Adafruit HX8357.h are de-
¯ned in the Arduino IDE for SPI and TFT by
enclosing the IM2 jumper. Next, the output pins
(CS, DC, RST, CLK, MISO, and MOSI) of the TFT

are connected to pin numbers 52, 50, 51, 10 and 9 of
the microcontroller, respectively, to set up the
communication between the host and display.
Furthermore, an analog pin is attached to increase
the background brightness of the TFT which is
activated by providing a power supply of 5V from
the Arduino board. Meanwhile, a communication
link is established between the CO2 sensor and host
and vice versa to retrieve the CO2 data and its
features.

A rectangle is prepared with a length and width
of 435mm and 290mm, respectively, to display the
CO2 signal. In this, length and width denote hori-
zontal and vertical axes, respectively. The horizon-
tal axis represents the time with a span of 0–20 s
with 5-s intervals, while the vertical axis represents

Fig. 2. Flowchart for features computation (the algorithm is programmed and implemented using the Arduino IDE).
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the exhaled CO2 concentration in millimeters of
mercury (mmHg). The upper and lower limits of the
vertical axis are kept between 0mmHg and
80mmHg, respectively, with 40mmHg di®erence.
The di®erence is printed on the display.

To start the plot of the CO2 signal, a reference
point (20, 290) is selected which is located towards
the left-hand side of the rectangle. The CO2 signal is
printed above the reference point to provide a
proper visualization of the waveform. The built-in
real-time clock of the controller is used for time
con¯guration of the CO2 signal display. For this, a
Boolean variable (display 1) is de¯ned to store the
time from the RTC whenever the time exceeds 20 s.

The text size, background color of text, starting
cursor point, and size of feature values are de¯ned
with integer values (0–5).

Lastly, the extracted features along with the CO2

signal are displayed on the TFT by using the TFT
display function (Adafruit HX8357 TFT ¼ Ada-
fruit HX8357 (TFT CS, TFT DC)). This function
requires the TFT structure, coordinates of the
starting point, features to be displayed, text color,
and lengths of the axes. Thus, the extracted features
and CO2 values are included into the TFT function
for the purpose of printing all the values onto the
display unit. Hence, the TFT function is called on
receiving each valid data packet of CO2, ICO2,

Fig. 3. Flowchart for features transmission and display (the algorithm is implemented in the Arduino IDE by using the Arduino C
language).
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EtCO2, and RR. Therefore, whenever a valid data
packet is received from the host, the CO2 concen-
tration, and associated features are calculated and
printed onto the display unit through SPI. The
following section presents the data collection pro-
tocol that is used in this study.

3. Data Collection and Analysis

The subjects are instructed to sit idly on a chair
without any physical movement to avoid the change
in the CO2 signal and incorporated features during
the recording. Thereafter, each subject is asked to
breathe in and out comfortably after placing the
sampling tube nearby his/her nose and inserting
prongs into it, as shown in Fig. 4, to avoid the

alternation in the reading. The CO2 data recording
is conducted on 15 subjects, for 2min each, using
the standard capnography (CapnostreamTM20
Model CS08798) and proposed device as advocated
by Zhang et al.,25 for further signal analysis. The
sampling frequency (fs) of the existing standard
capnography is 20Hz, while that of the proposed
device is 100Hz; hence o®er a freedom for detailed
data analysis. The accuracy of the proposed device
is validated by using the Bland–Altman's plot
(drawn using MATLAB R2015a, Version 8.5) with
p< 0:05 and limits of agreement set to �10%–20%
of the actual CO2, EtCO2, and RR values, respec-
tively.26 The results are presented and discussed in
the subsequent sections.

4. Results

Figure 5 shows the internal arrangement of elec-
tronic components that are used in the proposed
handheld capnography device. These components
are placed on a double-sided PCB which is designed
for the proposed prototype. The bottom layer of the
PCB carries the CO2 sensor, pump, and DC motor,
while the upper layer accommodates the microcon-
troller and RTC unit. The display is ¯tted on the
top of the board as shown in Fig. 5. A rechargeable
battery of 7.4V and 0.99A is used to provide a
constant supply of 5V via the voltage regulator IC
7805. Two simple mechanical switches are used to
deliver the constant power supply to the sensor and
microcontroller. Additionally, a third switch is
placed in the SD card slot of the display to control
the recording and saving of CO2 data and its fea-
tures into the SD card. Moreover, this third switch

Fig. 5. Internal arrangement of the used electronic components, placed on the PCB of the ¯nal model.

Fig. 4. Illustration of the subject's position during the CO2

signal recording via nasal cannula with a length of seven feet.
(a) female, age: 21 and (b) male, age: 28.
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controls the LED that is placed at the top of the
board, beside the display (see Fig. 5). This LED
serves as an indicator for the data recording and
therefore helps to identify the fault in the SD card.
That is, the SD card is in a need to be formatted if
the switch is pressed and the LED is still o®, oth-
erwise (i.e., if the LED is turned on when switch is
pressed) the recording is in progress. This facility
makes the device simpler, user operable and
friendly.

The complete device prototype is integrated into
two levels through a divider holder with a size of
0:4� 0:2� 0:2 inches that is above the ¯rst level by
1.2 inches. The CO2 acquisition unit including the
sensor, pump, DC motor, and rechargeable battery
is placed in the ¯rst level, whereas the processing
and RTC units are placed at the divider
(4:6� 2:4� 0:4 inches) in the second level. Both
levels are placed inside a case with a size of 4:5�
3:1� 1:8 inches and wrapped with a top cover that
is designed and printed by using SolidWorks and 3D
printer, respectively. Hence, the weight of the de-
vice is reduced to be less than 450 g.

The design speci¯cations of the top cover, display
slot, LED, and third switch are 4:6� 4:8� 0:4
inches, 3:6� 2:22 inches, 0.24 inches (diameter),
and 0:8� 0:56 inches, respectively. All the compo-
nents are mounted next to each other on the top
cover of the box to provide a suitable access to the
user interface (Ref. video S3). A water trap inte-
grated with a Na¯onTM tube is used to retrieve the
CO2 samples from users via a sampling tube. Both
items (i.e., water trap and Na¯onTM tube) are
placed outside the case to provide the option of
disposing and replacing them simply by the users
which accordingly increases the ease of use of the
device.

Figure 6 shows the display of the proposed de-
vice, during recording, in idle and active modes.

In the idle mode (when the cannula is not attached
to a subject), the CO2 signal and extracted features
are shown as null (see Fig. 6(a)). In the active mode
(when the cannula is attached to a subject), the
CO2 waveform and its associated features are dis-
played (see Fig. 6(b)). Figures 7(a) and 7(b) show
sample capnogram signals (i.e., CO2 signals) which
are recorded using the proposed and standard cap-
nography devices, respectively. In our work, the
recorded CO2 signal is smoothed by employing a
real-time ¯ltering algorithm, as described in
Sec. 2.2, that is integrated with the device.

The proposed device is tested and validated in
two ways to verify its performance. First, a tech-
nical test is carried out to ensure that there are no
momentous issues (mainly associated with the user-
friendly operability) regarding the basic operation
of the prototype. This test con¯rmed that switches
and LED are quite responsive and the display is
decently clear. Second, a relative veri¯cation is
performed to investigate the consistency between
measurements of the proposed prototype and those
of the standard capnography (CapnostreamTM20
Model CS08798) by using the Bland–Altman plot.

4.1. Performance evaluation

In this study, 6 male and 9 female healthy subjects
aged between 20 and 35 were recruited according to
the random sampling method.26 Table 1 lists the
demographic details of these subjects. A written
informed consent form was collected from all the
subjects with no history of smoking, recent upper
respiratory infection, fever, and signi¯cant cardio-
pulmonary or noncardiopulmonary disease before
being involved in the study. In addition, descriptive
statistics were estimated for all the subjects. For
males and females, Shapiro–Wilk p- and z-values
were calculated to verify the normality of each

(a) (b)

Fig. 6. The proposed device's display in (a) idle and (b) active modes.
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feature,27 and they are found within the normal
range.

The Bland–Altman plot is employed for the
validation purpose through assessing the agreement
between the proposed and existing capnography
devices measurements. As presented in Figs. 8–10,
the upper and lower di®erence limits of CO2, EtCO2

and RR of the developed capnography device
and standard capnography were 2.85mmHg and
�2:26mmHg (14.03% and �11:41%), 3.63mmHg
and �3:33mmHg (9.65% and �8:86%), and

2.31 bpm and �1:51 bpm (13.66% and �8:68%),
respectively. In addition, the mean di®erence
values, for all features, are close to zero which
implies that the measurements of the developed
device are reasonably consistent with those of the
standard capnography device. Thus, the proposed
device can be used as a reliable alternative to the
current standard capnography in hospital settings
and the home environment to help manage cardio-
pulmonary conditions.

5. Discussion

Herein, we report an inexpensive, light-weight, and
portable capnograph for managing the cardiorespi-
ratory status of human beings in clinical settings
and the home environment by measuring a set of
parameters (ICO2, EtCO2, and RR). In contrast to
the traditional standard capnography (20Hz), the
proposed device acquires CO2 signals with a higher
sampling rate of 100Hz and hence o®ers freedom for

(a) (b)

Fig. 7. Sample recorded CO2 signals using the (a) proposed device and (b) standard capnography device (CapnostreamTM20
Model CS08798), with a sampling frequency (fs) of 100Hz and 20Hz, respectively.

Table 1. Demographic details of all the 15 subjects.

Age Weight(Kg) Height(m) BMI (Kg/m2)
Gender (n) (ME� SD) (ME� SD) (ME� SD) (ME� SD)

M (6) 29:6� 3:5 72:3� 15:9 1:7� 0:1 24:7� 5:1
F (9) 21:7� 0:4 55:6� 9:8 1:5� 0:1 22:7� 3:7

Notes: M: male, F: female, n: number of subjects, ME: mean,
SD: standard deviation, BMI: body mass index.

(a) (b)

Fig. 8. Bland–Altman plot of CO2 measurements: (a) mean CO2 vs. di®erence CO2 (mmHg) and (b) mean CO2 vs. di®erence CO2

in percentage, along with corresponding density function plots; the dotted lines represent the upper and lower limits.
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the further processing of CO2 signals without
resampling given that the CO2 signal's of interest
fall within 10Hz.22

Additionally, the size and weight of the device
reported here are less than those of the devices
reported earlier by Santoso et al.17,27 We had pre-
viously reported a real-time human respiration CO2

measurement device and studied its behavior.27 The
brief description of the device's components and
implemented algorithms for signal conditioning,
features extraction and transmission may handicap
the reproducibility of the results. Moreover, PCB
fabrication was not performed.27 This approach
increased the size (4:9� 5:1� 3:1 inches) and
weight (650 g) of the device. In addition, the storage
capacity of the device is only 8GB which restricts
data-recording capacity. Furthermore, the power
supply is external. Here, we present the ¯nal pro-
totype with a reduced size (4:5� 3:1� 1:8 inches)
and weight (450 g) and increased data storage ca-
pacity (16GB). Additionally, two rechargeable
batteries are utilized to drive the sensor,

microcontroller, RTC and display. Accordingly, the
current device can be transported anywhere with-
out the need for an external power supply. The
aforementioned modi¯cations to the device will
allow the management of respiratory disorders in
and outside of hospital settings. Furthermore, the
cost of the developed device is almost eight times
less than that of existing devices on the market.28

Hence, the current fabricated device is preferable
over existing capnography devices. The perfor-
mance of the device has been discussed in terms of
accuracy.

The Bland–Altman plot provides two major im-
portant metrics, namely, bias and range of agree-
ment, which are used to assess the precision of the
proposed device. The mean di®erence between
measurements represents the bias that re°ects the
average discrepancy between device measurements.
The bias value �1:96 SD determines the range or
limits of agreement within which approximately
95% of the di®erences between future measurements
is expected to lie.

(a) (b)

Fig. 10. Bland–Altman plot of RR measurements: (a) mean RR vs. di®erence RR (bpm) and (b) mean RR vs. di®erence RR in
percentage, along with corresponding density function plots; the dotted lines represent the upper and lower limits.

(a) (b)

Fig. 9. Bland–Altman plot of EtCO2 measurements: (a) mean EtCO2 vs. di®erence EtCO2 (mmHg) and (b) mean EtCO2 vs.
di®erence EtCO2 in percentage, along with corresponding density function plots; the dotted lines represent the upper and lower
limits.
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Figures 8–10 show that the di®erences between
device measurements are positive for some samples
and negative for other samples. This result implies
that the measurements of the proposed device are
sometimes greater and less than those of the exist-
ing device. In other words, no systematic error or
bias exists in the measurements of the proposed
device compared with those of the existing standard
capnography device.

As can be also inferred from Figs. 8–10, the bias
values between both devices are small and close to
zero (i.e., no signi¯cant di®erence between the
measurements recorded by both devices). Accord-
ingly, in agreement with earlier studies reported by
Critchley and Critchley26 the di®erence between the
measurements of the reference device lies within
�10%–20% relative to the bias. In addition, the
density function plots show that the data points do
not follow a certain trend because they are normally
distributed, indicating that the di®erences among
measurements are independent of their magnitude.
Hence, the measurements of di®erent parameter
values (e.g., high measurement and low breathing
rate) obtained by using the developed system are
guaranteed. Furthermore, these results reveal that
the di®erences between both device measurements
are within the acceptable range.

6. Conclusion and Future Direction

We present an inexpensive, light-weight, and
handheld prototype capnography device based on
diverting technology for application in clinical set-
tings and the home environment. Compared with
those of a previously reported device, the size and
weight of the developed device have reduced by 67%
and 30%, respectively, facilitating the handling of
the device. The device computes and displays the
CO2 signal, ICO2, EtCO2, and RR on a high-
resolution display. In addition, this device provides
smooth and sharp signals due to the integration of a
noise reduction method that reduces the computa-
tional cost of the device. Furthermore, the proposed
device has been tested and validated with 15 heal-
thy subjects against a gold standard capnography
device (CapnostreamTM20 Model CS08798) to de-
termine its accuracy in measuring standard fea-
tures. Findings revealed that the measured
standard features, namely, CO2, EtCO2, and RR,
are within the tolerance limit range (�10%–20%).

Thus, the proposed device can be used in the hos-
pital and home environment for the monitoring of
cardiopulmonary conditions. In the future, the de-
veloped capnography device will be assessed with
subjects su®ering from cardiopulmonary disorders
to verify its usability outside of the hospital setting.
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