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The analysis of breath CO, provides valuable information of pulmonary and cardiovascular functions,
and plays a crucial role in monitoring patients with respiratory problems. Developing portable sensors
for real breath CO, analysis has been challenging because exhaled breath is hot, humid and turbulent. In
this work, we have developed, modeled and tested a portable CO, sensor that can analyze end tidal CO,
concentration in breath and in real time accurately. The key components of the sensor comprise a fluidic
system for efficient breath sample delivery and a colorimetric detection integrated into the fluidic system.
The modeling includes turbulent mass transport, heat transfer from the samples at body temperature
to the device environment, and chemical reaction mechanisms, including multiple reactions pathways
and diffusion of CO; in the sensing layer. Furthermore, the sensor has been tested and compared with a
standard commercial CO, analyzer, and the results are in good agreement with those of the commercial
analyzer, and with the modeling.

Published by Elsevier B.V.

1. Introduction

Among various chronic diseases, chronic obstructive pulmonary
disease (COPD) and asthma are the leading concerns [1-5]. About
10 million Americans have been diagnosed with COPD and another
~20million with asthma [5,6]. Breath carbon dioxide analysis is
a well-known method that measures the breath CO, level, which
is proportional to the partial pressure of CO, dissolved in blood
[7-12]. The method is popular, effective and widely used to diag-
nose and evaluate the states of COPD and asthma, however, most of
the current CO, equipment are based on infrared detection, which
requires collecting breath samples with a pump, sample treatment
to reduce interference from high breath humidity [13], and fre-
quent calibration originated from signal drift. The high cost has also
limited the use of current CO, equipment inside hospitals [14].

An alternative approach to measure CO, is based on colorimet-
ric detection, which has been explored and developed by many
groups with promising performance [15-20]. Nonetheless, in order
to analyze CO, in real time and real breath (high humidity and
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temperature) without pre-conditioning of the sample, we need not
only fast and accurate CO, sensor, but also efficient and reliable
fluidic design that can deliver the breath sample from the mouth
to the sensor, which remains unsolved in the existing colorimetric
detections.

In the present work, we have successfully developed a low cost
and high performance breath CO, analyzer for the personal use
at home. The analyzer features an accurate colorimetric CO, sen-
sor that can analyze end tidal CO, concentration in real time. More
importantly, it includes a fluidic system designed for efficient deliv-
ery of breath sample to the colorimetric sensor. The integrated
system, including both the sample delivery fluidics and CO, sen-
sor, has been designed and optimized by carefully modeling and
testing mass transport, heat transfer, and chemical reactions, such
that we are able to achieve reliable analysis of real breath sample
with high humidity and varying temperature. We believe that this
integrated and system-level approach can be also applied to other
types of chemical sensors for real breath analysis.

2. Experimental
2.1. Reagent and sensor preparation

The CO, colorimetric chemical sensor in the present work con-
tained a HCO3~/CO32~ buffer and thymol blue as a color indicator
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Fig. 1. (a) 3D geometry of the colorimetric CO; analyzer device and main device
components. Simulated and real expired air was passed through the device from
the mouthpiece. (b) Lateral view of the significant positions of the device indicated
as follows: 1, inlet; 2, orifice (device narrowest portion); 3, middle portion between
inlet and sensor chamber; 4, sensor chamber; 5, portion between sensor chamber
and the outlet; 6, outlet. (c) Schematic representation of sample flow direction, and
sensor cartridge components, showing the position of the sensing and reference
areas.

[15-20]. All the reagents used in this work were analytical grade
and purchased from Sigma-Aldrich (St. Louis, MO, USA). The sen-
sor cartridge was made of a transparent plastic sheet, on which a
sensing and reference areas were created (Fig. 1). The sensing area
was coated with a solution containing HCO3 ~/CO32~ buffer and thy-
mol blue, while the reference area was coated with HCO3~/CO3%~
buffer only. The thicknesses of chemical coating layers for both the
sensing and reference areas were determined to be a few hundreds
of um.

When the warm breath sample was brought into contact with
the sensing cartridge, water vapor condensed on the sensor surface,
forming a thin film of aqueous solution (see more details in later
sections). Initially, the pH of the solution film was found to be ~9.05,
but it decreased as CO, in the breath dissolved in the film. The
pH decrease in the sensing area was detected by a color change of
thymol blue from blue to yellow due to pKa, ~8.0-9.6 [15,16]. It
is important to notice that the condensation of water plays role of
hydrating the sensing chemicals and promoting the absorption of
CO,. In contrast, the reference area did not contain thymol blue dye
and its color change was negligible, which served as a reference to
correct drift in the color detection system.

2.2. Device description

The CO, analyzer is sketched in Fig. 1.1t has a detection chamber,
which includes a red LED (wavelength =633 nm, LEDtronics. Inc.,
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Fig. 2. The relationship between the measured normalized absorbance change
and the pH of sensing HCO3~/CO32~ buffer system modified with thymol blue.
The absorbance value increased with pH and followed a sigmoidal function:

Absorbance = 0.4 — W. Values of pKa for thymol blue are indi-

cated in the figure. Detected color changes in the CO, analyzer device were due to
pKa; (with a color change from blue (pH > pKa;) to yellow (pH < pKay)).

CA, USA) at the top of chamber as light source and a photodiode
array (OSRM GmbH, Germany) at the bottom as light detector. The
LED wavelength was chosen to closely match the absorption peak of
Thymol Blue (615 nm). The detection chamber has also a sensor car-
tridge receiver located above the light detector. A sensor cartridge
is inserted into the sensor cartridge receiver, and illuminated by
the light source. The absorbance of the sensing area on the sensor
cartridge is determined from the measured light intensities of the
sensing and reference areas as a function of time, according to

Leonsino(t
Absorbance(t) = —logy (Isef'mng((t))) , (1)
reference

where Isensing and Lreference are light intensities for the sensing and
reference areas, respectively. Absorbance change is given by

AADbs(t) = Absorbance(t) — Absorbance(0), (2)

where Absorbance(0) is the absorbance prior to the exposure of the
sensor surface to breath sample. The measured absorbance change
can be further normalized by the initial absorbance value, and it
is the normalized absorbance change, Normalized AAbs(t), that is
used to characterize the color change of thymol blue associated to
CO, concentrations in the present work.

2.3. Device characterization — chemical characterization

Since the CO, detection is based on the pH change, which
is measured from the color change, a calibration curve between
absorbance change and the pH value is required, which was
obtained by casting solutions of different pH values (measured with
a pH electrode, Extech Instruments, NH, USA) onto the sensing area.
The calibration curve, shown in Fig. 2, can be fit with a simple
function,

0.4386

Absorbance = 0.4 — 4 o~ 6.41085)/0.63016) 3

Using the calibration function by Eq. (3), one can relate the mea-
sured color change to the chemical reaction-induced pH change in
the sensing area, which was needed for direct comparison between
the measured color change and simulated chemical reaction taking
place in the sensing area.
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Table 1

Reynolds number (Re)? of the CO, analyzer device under different flow rate.
Flow rate (L/min) 6 8 10 12 14 16 18 20
Re 2697 3596 4495 5393 6292 7191 8090 8989

2 Re=pvD/u, where p is the density of expired air (1.26 kg/m?), v is the mean
velocity of the flow, D is the diameter of the device (labeled as position 2 in Fig. 1b),
1 is the dynamic viscosity of expired air (1.983 x 10~ kg/m s).

Another important calibration is to determine the relationship
between the color change and the breath CO, concentration, which
can be achieved through two methods. In the first technique, we
prepared artificial expired breath samples by mixing 80% N, +20%
0, gas with different concentrations of CO, (Praxair. Inc.), and then
pumped (Aqueon, WI, USA) the mixed gases through a sealed water
system immersed in a thermostatic water bath (Thermo Scientific,
USA) at 35°C to generate 35 °C and 100% relative humidity artificial
breath. The CO, concentration tested in this system ranged from
0.03% to 6.5%. The artificial breath samples were introduced into
the breath analyzer at a flow rate between 6 L/min and 18 L/min. In
the second method, we directly used real breath samples from vol-
unteers to further validate the performance of our breath analyzer.

2.4. Device characterization — temperature and flow
characterization

During the tests, we have measured the temperature profile
along the flow pathway for both the artificial and real breath sam-
ples by placing temperature probes at different positions in the CO,
analyzer device. The flow rate and the pressure drop along the flow
pathway were monitored with a flow meter (Newark, flow sensor
0-20 LPM) and a differential pressure sensor (All Sensors, USA).

3. Simulation methods

Numerical simulation of the CO, analyzer device was performed
using the finite element method (Comsol Multiphysics COMSOL,
Inc., MA, USA). The simulation included models for mass transport,
heat transfer, and chemical reactions between the breath sample
and the sensor surface. The 3D geometry of the flow path and detec-
tion chamber is shown in Fig. 1.

3.1. Mass transport and heat transfer simulation

To model the mass transport, the Reynolds numbers under var-
ious breathing conditions, e.g. flow rates between 6 and 20 L/min,
were determined at the critical narrowest flow path of the system
(position 2, Fig. 1b), which were relatively large (Table 1), indicat-
ing the presence of turbulent flow [21]. It is also worth to notice
that the presence of a sharp orifice in the geometry of the sys-
tem introduced a turbulent flow that not only affected position 2
(Fig. 1b) but also positions located downstream along the device
(see below, Fig. 3a). For this reason, a turbulent flow model was
used. In addition, since the pressure change across the analyzer is
relatively small (<14cm H;0 for 6-18 L/min), the breath sample
was treated as incompressible gas in the model simulation.

The turbulent flow model used here is based on the Reynolds
Averaged Navier-Stokes equation, which includes the turbulent
kinetic energy (k) and turbulence dissipation rate (&). This model is
known as the k — ¢ turbulence model, and takes the form of

P(T VYT =V[-pT +(u+pur) (VT +(VT)) - %pfc?l +F
(4)

with pr = pCy(k?/€) and V- (pil) =0, where p is density of
expired air (~1.26kg/m3), Vil is velocity gradient tensor, (Vi)' is
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Fig. 3. Mass transport characterization of the CO, analyzer device: (a) velocity pro-
file and streamline of velocity profile for 6 L/min flow rate. (b) The pressure drop of
the airflow between position 5 and 2 (~1 mm away from orifice) at different flow
rates. The experimental data () fitted the theoretical results (solid line) obtained
from Bernoulli’s equation, and showed good agreement with the simulated data (@)
from k — ¢ turbulence model.

“transpose” of the velocity tensor, p is pressure, 1 is dynamic vis-
cosity of expired air, f is turbulent viscosity, F is volume force, C "
is a model constant (=0.09), and ii is the average velocity [21].

In addition to considering turbulent flow, we took into account
heat transfer between the relative warm breath (~35°C) and
the cold surroundings (~25°C). Since the flow rate is rather fast
(6-18L/min), heat transfer due to conduction mechanism was
assumed negligible, and mainly driven by forced convection, which
is described by

—11-(=KVT)=h - (Text = T) (5)

where 1 is the flow direction, K is the thermal conductivity of
airflow, vTis temperature gradient tensor, h is the convection heat-
transfer coefficient, Tex; is the device external temperature and T is
the fluid temperature [21].

Egs. (4) and (5) were solved numerically with the following
boundary conditions.
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1) Flow velocity on the device wall [21]:

i-n=0 (6)
(1 + pr)(Vii + (Vi)' ) - %pkf] o= —p%atang )
ligan g = 1l — (- )7 (8)
Vkii=0 9)

where 1 indicates the flow direction, and titang represents the
tangential direction of the velocity vector.
2) Flow velocity at the device inlet:

il = ~Uf(D)R (10)

where Uj is linear velocity of airflow at the inlet, f(t) is a time
dependent function, which can be used to describe the breath
pattern (assumed constant in this work), and 1 is the flow direc-
tion.

2, -2
K=§(UOIT) (11)
where I is turbulent intensity.
3/2
3/4K
=0y TS (12)
where Lt is turbulence length scale.
- - 2 .
(M+ur)(Vu+(Vu)T)—§ka} iz (13)

where the viscous stress (i + pur)(Vii + (vi)))i) and apparent
stress (— %,okl -11) were considered zero.
3) Flow velocity at the device outlet:

p2 = Po = Patm (14)
Vkn=0 (15)
Ve =0 (16)

4) Temperature at the inlet:
T;, = 306.80K (17)
5) Temperature on the wall and at the outlet:

Ty = 298.15K (18)

3.2. Chemical reaction kinetics

As described in the Experimental Section, the measurement
of CO, concentration was based on the absorption of CO, by the
HCO3~/CO32~ buffer solution, which is formed due to surface modi-
fication and water condensation from the sample (see more details
below). Therefore, the transformation and chemical reactions of
CO; in the sensing and reference areas were described by

’(0
C0O3(g)=C0x(aq) (R1)
kb
kq
CO, + H,0=H,C04 (R2)
K
1
ka
H,CO3=H" + HCO3 (R3)
"
2

k
H* + OH =H,0 (R4)
k/3
kg 5
HCO3=C05™ +H* (R5)
K,
4

Steps 2-5 can be combined and simplified as

ki

CO, + OH™2HCO; (R6)
kg
ke

CO, + Hy0=H" + HCO; (R7)
K.
6

where (R6) represents CO, reaction in the presence of excessive
hydroxide anions, and (R7) represents CO, reaction after consump-
tion of hydroxide anions. (R6) and (R7) were assumed to take
place faster than (R1) because the latter includes dissolution and
internal diffusion of CO, within the thin solution films formed by
water vapor condensation. This assumption is reasonable because
the acid-base reaction takes place in the pico-second range [22],
compared to the milli-second range estimated for the diffusion of
CO,(aq) within the thin film layer on the sensor cartridge.

Thymol blue (TB) was the indicator for [H*] and [OH~] resulted
from steps (R6) and (R7), which are described by

k
TBH,(red) + HyO=TBH" (yellow)H;0* (R8)
p
7
ks
TBH (yellow) + OH™=TB?~(blue) + H,0 (R9)
p
8

ki
TB2~(blue) + OH* =TBH(yellow) (R10)
”
9
Note that steps (R8)-(R10) are also acid-based reactions, and
can be combined with (R6) and (R7) to reflect the color changes
due to the presence of dissolved CO,(aq) in the sensing area, which

takes the form of,

TB2~(blue) + H,0 + CO4(aq) = TBH™ (yellow)

+OH™ + COz(aq) = TBH™ (yellow) + HCO3 (R11)
TBH™ (yellow) + CO, + H,O = TBH™ (yellow)
+H* + HCO3 = TBH;(red) + HCO3 (R12)

Because the acid-base reactions and associated indicator reac-
tions (steps (R2)-(R12)) are fast, the rate determining step is the
dissolution and diffusion of CO, (step (R1)), which can be described
by the rate equation,

dIC%] _ ye+ /Dir+s) (19)
de
Pco,
= 20
Koo (20)

where a and s are constants, D is the diffusion coefficient of CO,
(~1.42 x 107> cm?/s), Pco, is the partial pressure of COy, Kco, is
Henry’s constant of CO; (29.4 Latm/mol) and r is the apparent reac-
tion constant given by

Kw [CO37]

r~ kg + ks —
6 + 5Ka2 [HCO; |

(21)
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where (Kw/Ka2)(ICO3™1/[HCO3 ]) = [OH",
([H+][C0§‘]/[HC03‘]), and Ky, = [HT][OH"].

Note that the above equation of CO, diffusion rate, was cited
from Danckwerts et al. under a similar condition [14,23].

Based on steps (R6) and (R7), the concentration of protons in the
thin solution films of the sensing and reference areas is given by

Koz =

Kq1 x [COy]

(H*] = [HCO; |

(22)

where Kz = 4.6 x 1077,
Based on Eq. (22), and the assumption that the concentra-
tion change of bicarbonate is negligible compared to the initial
concentration ~0.01778 mol/L, the proton production rate can be
expressed as
d[H"] Ko d[CO, ]
= X .
dt [HCO3] dt

(23)

Eq. (23) and the related Eqgs. (19)-(22) were used to correlate
gas phase CO; concentration (Pco,) and absorbance changes due
to [H*] changes, using the formerly introduced function in Fig. 2
(Eq. (3)). It is worth to notice that the transport of CO, through
the sensing layer occurred on the perpendicular direction along the
sensor surface. While the condensation of H, O on the sensor surface
was assumed to be instantaneous driven by the gradient difference
between the sample temperature and the ambient temperature
(which applies to the sensor surface), the absorption of CO, was
governed by internal diffusion in the sensing layer (given by Egs.
(19) and (20)). Furthermore, the condensed H,0 was limited to a
constant amount resulting from a constant sample volume passed
through the system. These conditions defined a constant bicarbon-
ate concentration for a given CO, concentration in the sample. As a
result, the concentration of protons across the sensor surface could
be simulated through a modified surface reactions model using Eq.
(23) and the simulated absorbance patterns were obtained from Eq.
(3) (see below). In addition to Eq. (3) and Eqgs. (19)-(23), the mass
transport and heat transfer equations (Eqs. (4) and (5)) were used to
simulate the response of the sensor as a function of CO, concentra-
tions ranging 0.03-6.5%, at 35 °C. These equations were also used to
determine the effective surface density of protons (moles/cm?2) that
was correlated to color changes on the sensor surface (see below).

4. Results and discussion
4.1. Characterization of the mass transport

In order to characterize the flow of the breath CO, sensor, mass
transport simulations were carried out under various flow rates.
Fig. 3a shows the velocity profile (upper panel) and streamline
(lower panel) at a flow rate of 6 L/min. The profile is clearly non-
homogeneous and turbulent, especially in the region where the
orifice (shown as the narrowest diameter portion) is located, and
near the sensor cartridge. This flow profile is different from the
velocity profile expected for a flow path with a uniform cross sec-
tional area [24].

As a method to validate the model simulation, volume flow rate
vs. pressure difference across the orifice was measured experimen-
tally. Theresultis compared with the simulation in Fig. 3b. Note that
the pressure difference was determined by connecting the inlet and
outlet of a differential pressure sensor at points 2 and 5 of the flow
path (Fig. 1b). The experimental and simulated results are in quanti-
tative agreement, indicating that the turbulent flow model provides
accurate description of the fluidic dynamics of the system.

The simulation results were further validated as compared with
the Bernoulli equation, which expressed the flow rate vs. pressure
difference by

2 AP
Flowrate = A, - \/(1(14%/1‘\%)) (7) (24)

where AP is the pressure difference, p is the gas density, and A,
and A, are the cross-sectional areas at the orifice and at a location
behind the orifice, respectively. As shown in Fig. 3¢, the flow rate -
pressure difference relation by the Bernoulli principle agrees well
with both the experimental and simulated results. It is worth to
note that although the overall flow rate of the breath CO, sensor can
be reasonably described by the Bernoulli principle, detailed velocity
profile can only be obtained with the numerical simulation.

Itis worth to notice that since there was an important agreement
between experimental data and Bernoulli principle, Bernoulli equa-
tion was utilized to calibrate the pressure sensor used to measure
flow rate in the CO, device. This fact allowed to establish the total
volume of sample passed through the system via the integration of
flow rate over time.

4.2. Characterization of the temperature profile

Simulations of heat transfer process were carried out to deter-
mine the temperature profile at different flow rates. Fig. 4a shows
the temperature profile throughout the CO, sensor for a typical flow
rate of 6 L/min. It can be observed that the temperature decreases
from 35°C at the inlet to ~28 °C at the outlet with an average tem-
perature of 31 °C on the sensor cartridge. In addition, the heat loss
was proportional to the flow velocity and the maximum tempera-
ture drop is across the narrowest portion of the device.

In order to corroborate the heat transfer model, the temperature
was measured experimentally, and the results were compared to
the simulations in Fig. 4b. It shows excellent agreement between
the experimental and simulated temperature profiles. The temper-
ature decreases along the flow path from the device inlet to the
outlet. This temperature profile has an important implication in
water condensation along the flow path and on the sensor cartridge
based on the following consideration. Since the initial temperature
of expired air is around 35 °C and the relative humidity of expired
air is considered as constant (RH = 100%), the dew point of expired
air reduced as the expired air was cooled down when it flows from
the inlet towards the outlet of the device. As a result, water vapor
condenses on the wall of the analyzer and on the sensor cartridge.
As mentioned earlier, the detection mechanism of breath CO, ori-
ginates from the chemical reactions of the dissolved CO, from the
breath samples within the water condensation film formed on the
sensor cartridge. Evidence of water condensation from the inlet
and throughout the analyzer was gathered by using a Selected Ion
Flow Tube-Mass Spectrometry (SIFT-MS), which allow determin-
ing in situ water vapor densities [25,26]. Accurate vapor densities
readings were taken using the SIFT-MS (Profile 3 from Instrument
Science) set with H30" ion source, and the instrument inlet tip. The
readings ranged from breath condensing conditions (100% RH) at
the inlet of the analyzer to ambient humidity (22% RH) at a distance
of few centimeters away from the outlet. These evidences in con-
nection to the observed water condensation on the sensor cartridge
further allowed supporting the reaction mechanisms of the sensor.

4.3. Characterization of the chemical reaction

The basic sensing principle, as described earlier, is that the
CO, in breath interacts with and thus decreases the pH of the
sensing element, which is determined via monitoring the color
change of thymol blue in the sensing area. The relationship between
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expired air throughout the device. There was a good correlation between real tem-
perature (x) and the simulated temperature (y) with the following relationship:
y=2.51+0.992x, r* =0.9988.

the concentration of CO, and the absorbance of thymol blue was
investigated by both numerical simulation and experimental mea-
surement.

Fig. 5a and b shows the measured and simulated normalized
absorbance vs. time at the CO, concentration of 0.03% and 6.5%,
respectively. First, the plots show that the simulated and experi-
mental results are in good agreement, further validating the models
used in the simulation. Second, the results show that the color
change (of thymol blue from blue to green) at a fixed flow rate of
6 L/min takes place rapidly at the initial stage and then slows down.
The rapid response in the early stage is due to reaction step (R6),
which corresponds to the reaction of CO, with the excess amount
of hydroxyl ions. Over time, hydroxyl ions are consumed and step
(R7), corresponding to the dissolution of CO,, takes over, which is
denoted by the slower phase at a later stage.

Furthermore, we are able to correlate the maximum color
change (or maximum absorbance change) to the CO, concentra-
tion. Fig. 5¢ plots experimental and simulated maximum changes
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Fig. 5. (a) Measured and (b) simulated normalized absorbance vs. time at the
CO, concentration of 0.03-6.50%, respectively. The normalized absorbance value
decreased as thymol blue changed color from blue to yellow. (c) Calibration
of sensor response to CO,. The experimental data (M) are in good agreement
with the simulated results (®). The Normalized AAbs decreased exponentially
with the increasing concentration of CO, following the relationship: Normalized
AAbs =0.9941 exp(—C0,%/1.46581) — 1.047.

in the normalized absorbance vs. CO, concentration, and the good
agreement indicates that our proposed reaction mechanism and
kinetics are reasonable.

We also would like point out that the chemical reaction of
the CO, analyzer was the spatial distribution of the color change
across the sensor surface. Non-uniform distribution of the color
change is expected because the flow is inhomogeneous and tur-
bulent, which affects the pH or proton profile across the sensor
surface, resulting in inhomogeneous color development. Conse-
quently, the spatial distribution of the color change may be used
to characterize the actual concentration gradient of protons on the
sensor surface. Fig. 6a and b shows an experimental image of the
sensing area after 6.5s of exposure to a CO, sample, and a simu-
lated image obtained under a similar condition, respectively. Note
that the simulated image from the simulated proton concentra-
tion profile is shown in Fig. 5d, which also matched the proton
distribution pattern calculated from the real image (Fig. 5c). The
simulation not only reproduces the inhomogeneous color change
across the sensor surface, but also predicts the reaction time nec-
essary for the accurate CO, concentration analysis in the sample.
For instance, relatively short exposure (6.5s) of the sensor sur-
face to CO, concentrations that are relevant to real breath samples
produced non-homogeneous color development at the top left
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Fig. 6. (a) The real and (b) simulated sensing area at t=6.5s. The simulated sensing surface represented the concentration gradient of protons. (¢) The 3D surface plot of
proton concentration in the real sensing area and (d) the 3D surface plot of proton concentration in the simulated sensing area. The concentration distribution of protons

was non-uniform across the sensing area.

part of the sensing area (yellow), while the other areas remain
blue. Therefore, sufficient exposure time is needed to minimize the
inhomogeneity caused by turbulent flow, and to ensure the reac-
tion sites across the entire sensing area to react with CO, in the
sample. Finally, the experimental and simulated images are in good
agreement, which, once again, validates the models.

CO,% by our CO, analyzer

L4 T T 4 T L T i T
0 1 2 3 4 5
C0,% by commercial analyzer

Fig. 7. Correlation of CO, levels from real and artificial breath samples determined
by the CO; analyzer device (y) and a commercial CO, analyzer instrument (x). Lin-
ear correlation analysis of the variables was: y =1.007 x, r2 =0.9981 indicating good
accuracy level.

4.4. Validation of the model

Based on the simulation and real image processing outcomes,
we set a reaction time of 60s for the CO, analyzer device, which
is equivalent to 6 L sample volume for a typical breathing rate of
6 L/min. Therefore, 6L volume samples of both real and artificial
breath were used for the CO, analyzer device calibration. Once
the breath CO, analyzer was calibrated, 6 L-volume samples were
injected and processed as unknown samples using the device cal-
ibration to assess the CO, concentration. In parallel, a commercial
CO, analyzer (Vacumed, Venture, CA) was used to determine the
CO, concentration in the samples. In Fig. 7, we compare the results
assessed from our CO, analyzer device and the commercial CO,
analyzer. Clearly, the CO, concentration in both cases correlate at a
slope of 1.01, an error of <2%, and a squared - regression coefficient
(r?) of 0.9981, which indicates an accuracy level close to a 100%
between these two devices.

5. Conclusions

We have designed a colorimetic-based breath analyzer includ-
ing a CO, sensor and a fluidic system for efficient delivery of
high humidity and variable temperature breath sample, and have
applied this analyzer to accurately detect and analyze the CO, in
real breath and in real time. Moreover, we have proposed mod-
els taking into account mass transport, heat transfer and chemical
reactions. The numerical simulation results based on the models
and actual geometry of the device are compared with experimental
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data, showing quantitative agreement. In addition, the simula-
tions provide both spatial and temporal distributions of breath
flow velocity, pressure and temperature, and also spatial pro-
files color development over time. This information is difficult to
achieve merely from experiments, but is critical for optimizing the
performance of breath analyzer. Based on our experimental data
and numerical simulation, we then developed a pocket-sized CO,
breath analyzer with comparable performance to the bulky tradi-
tional CO, analyzer. With our pocket-sized analyzer, the patients
with COPD and Asthma can easily test their CO, level and access
their disease status at home. We emphasize that the idea of inte-
grating breath sample collection, delivery and sensing, and the
simulations that takes into account mass transport, heat transfer
and chemical reactions should be applicable to other types of breath
analyzers.
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