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Abstract:

We report a new proof-of-concept bubble-based gas sensor for a gas chromatography system, which
utilizes the unique relationship between the diameters of the produced bubbles to the gas types and
mixture ratios as a sensing element. The bubble-based gas sensor consists of gas and liquid channels as
well as a nozzle to produce gas bubbles through a micro-structure. It utilizes custom-developed software
and an optical camera to statistically analyze the diameters of the produced bubbles in flow. The
fabricated gas sensor showed that five types of gases (CO,, He, H,, N,, and CH,) produced (1) unique
volumes of 0.44, 0.74, 1.03, 1.28, and 1.42nL (0%, 68%, 134%, 191%, and 223% higher than CO,) and
(2) characteristic linear expansion coefficients (slope) of 1.38, 2.93, 3.45, 5.06, and 5.44nL/(kPa/uLs™").
The gas sensor also demonstrated that (3) different gas mixture ratios of CO,:N, (100:0, 80:20, 50:50,
20:80 and 0:100) generated characteristic bubble diameters of 48.95, 77.99, 71.00, 78.53 and 99.50um,
resulting in a linear coefficient of 10.26pm/puLs™. It (4) successfully identified an injection (0.01pL) of
pentane (Cs) into a continuous carrier gas stream of helium (He) by monitoring bubble diameters and
creating a chromatogram and demonstrated (5) the output stability within only 5.60% variation in 67

testing over a month.
Introduction:

Miniature gas sensor devices for detection and analysis of gas compositions have recently attracted
increasing interests due to their strong potential in understanding and resolving societal issues in various
fields, including healthcare, occupational safety, and industrial processes. For example, portable
monitoring of a wide range of toxic gas components in the 10,800 to 18,000 liters of gas that humans
inhale on a daily basis [1] would provide clear insights into some respiratory diseases including asthma,
emphysema, lung cancer, and myocardial infection [2-3], vaguely known to be related to air pollution.
Distributed gas detection tools would allow community-level sensing and reaction in highly-populated

urban areas that experience worsening air quality every year [4-5], as well as simultaneous increase of
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respiratory diseases [3]. In the last few decades, the development of a variety of miniature gas sensors has
been rigorously pursued in order to efficiently identify gas compositions that typically exist in an

enormous variety (>180 toxic gases [6] and their mixtures).

Among advances in various miniature gas sensor devices, the development of a micro gas
chromatography (uGC) system has been particularly noted because of its wide detection ranges. Unlike
stand-alone gas sensors, a pUGC system ‘pre’-separates multiple gas compounds over time by
incorporating a separation column [7-10] such that a sensor device needs to identify only one gas type at
any time-scale thus without being overwhelmed by the simultaneous presence of multiple gas types. Such
a pre-separation step allowed a GC system to detect more than 50 gas types [7-10], while a stand-alone
gas sensor detected less than 10 gas compositions, even in an array or with the assistance of pattern
recognition circuitry [11-15]. Considering that there exist more than 500 gas types of interest in science
and engineering [6, 16], the large detection capacity of a GC system approach provides significant

upgrades in gas analysis.

Despite notable advances in the miniaturization of a GC system, especially assisted by
microelectromechanical systems (MEMS) technology, existing miniaturized GCs have not yet
demonstrated the full integration of a long-term-stable, tiny-volume and easy-to-fabricate gas sensor
device. Gas sensors, utilized in micro chromatography-systems, have employed either chemistry- or
physics-based principles for gas detection, as listed in Table 1. Chemistry-based sensors, in the forms of
chemiresistors [17-18], resonators [19-20], surface acoustic wave sensors (SAW) [21-22], metal oxide
semiconductor (MOS) sensors [23-24], Fabry-perot sensors (FP) [25-26], and optical fiber sensor [11],
suffer from significant output signal drifts and thus non-deterministic gas analysis over time, mainly due
to the degradation of incorporated reactive materials. Chemistry-based sensors typically adopt a target-
specific reactive film, vapor, or gas at its structural surface where the target gas molecules are adsorbed or
temporarily absorbed to cause changes in either electrical, mechanical, chemical or optical properties for
detection. Such reactive materials inevitably undergo oxidation or accumulation of target gas molecules,
resulting in the changes of their properties overtime. Physics-based sensors avoid the use of reactive
materials and thus the issue of output signal drifts overtime. Instead they directly measure physical
properties that are not time-variable, such as mass, charges, conductance, and heat loss, by decomposing,
burning, or navigating the target molecules into different angles or near a thin wire. However, such
measurement typically requires bulky ancillary instruments that cannot fit into a miniaturized system or
sophisticated structures that are currently difficult to fabricate in micro domain. Additionally, some

physics-based sensors typically destroy the target samples during detection, often prohibiting some

Page 2 of 25



Page 3 of 25

Lab on a Chip

potential post-detection analysis, such as the use of detected gases for biochemical effect evaluation [27-
29]. Common physics-based sensors include electron capture detectors (ECD) [30], flame ionization
detectors (FID) [31], mass spectrometry (MS) [32], and thermal conductance detectors (TCD) [33-34].
Mass spectrometry (MS) and flame ionization detectors (FID) require a high-performance vacuum pump
that reaches 10™ torr [32], while an electron capture detector (ECD) requires a radiation shielding
structure [30], all of which have not yet been miniaturized into a chip-scale device. Recent development
of thermal conductance detectors (TCD) in a micro column is notable [33-34]; however, these TCDs

present relatively complex fabrication for mass production.

The aforementioned issues of a sensor component in current miniaturized GC systems can be resolved by
utilizing gas bubbles as a non-variable, thus long-term-stable, physical sensing element for miniaturized,
easy-to-fabricate and post-analysis-friendly gas detection. Unlike chemistry-based sensors, the production
of bubbles from the pre-separated gas stream does not utilize reactive materials and results in non-drifting
output signals. Unlike other physics-based sensors, it does not require complex fabrication, destruction of
target samples, or ancillary instruments that cannot be miniaturized. Thus, it can avoid all the problems
aforementioned. The production of bubbles has not yet been utilized as a sensing element for a gas sensor.
Several previous studies have demonstrated that gas bubbles can be produced in a liquid stream in a micro
channel, and that their resultant sizes are specifically determined by certain parameters of a specific gas
type, such as tension, viscosity, flow rates, and pressure, utilizing only a single gas [35-49]. This study
utilizes the variations in bubble size for different gas types in order to detect gases and produce gas

chromatograms.

This paper reports the first time the use of gas bubble formation as a sensing element to distinguish gas
types. Specifically, this paper discusses the design, fabrication, and testing results of the novel proof-of-
concept bubble-based gas sensor, with two main areas of focus: (1) the characteristics of the produced
bubbles, which depends on gas types and mixture ratios, in order to verify the feasibility of utilizing the
bubble diameter as a sensing element and (2) the use of bubbles as a proof-of-concept sensing element

and the initial resultant characteristics in terms of chromatogram production and long-term stability.

Concept of Bubble-based Gas Sensing:

Figure 1 explains the concept of the bubble-based gas sensor, where a gas is streamed into a liquid to

produce bubbles while the sizes of the bubbles are monitored to generate the chromatogram. A gas
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mixture is first separated in time and space into discrete groups of individual gases — Cs (red), Cy (black),
and C,, (blue) — by a conventional chromatographic column. The separated gas groups are then streamed
into the liquid channel with the help of a carrier gas, e.g. helium (He), which is continuously flowing in a
conventional gas chromatography system. The flow of the He carrier gas produces a train of uniform
bubbles (gray) in a fixed size at a given nozzle dimension, as confirmed in previous articles [35-37, 50-
51]. However, the injection of the separated gas targets (Cs, C;o, and C;,) into the He carrier gas changes
the size of the bubbles depending on gas types and mixture ratios with the carrier gas. Thus by monitoring
and plotting the variation of gas bubble sizes in reference to the background carrier gas bubble, a gas
chromatogram can be established to identify gas peaks just as conventional gas sensors for a gas

chromatograph.

Operation principle:

It is hypothesized that the variations in gas bubble diameter for different gas types are attributable to
combined effects of multiple parameters, including gas density, gas solubility and gas diffusivity into the
liquid, as studied in some bubble production research utilizing ultrasound [52-53]. Epstein reported an
equation to describe the gradual gas dissolution process of a microbubble in liquid phase [52]:

a <k (1-2) G+ 7 O

where R = bubble radius at time ¢, £ = diffusion coefficient of the gas into the liquid, p = gas density, C; =

initial gas concentration in liquid, and C, = saturated gas concentration in the liquid phase (i.e., gas
solubility). This equation indicates that the bubble radius of a specific gas type depends on mainly three
parameters: gas diffusivity &, gas solubility normalized by density C,/p, and ratio of initial dissolved gas
concentration to the saturation dissolved gas concentration C;/C;. As the gas stream enters into a nozzle,
some portions dissolve into water based on their solubility before reaching the equilibrium to form a
bubble and other portions further diffuse into the liquid. The equation implies that gases with higher
solubility (C) will result in smaller bubble diameters, as indicated by the two terms C; /p and C;/C; in
equation (1), and that for gases with lower solubility the diffusion effect (k) may be more prominent in
determining the bubble diameters. In order to investigate this, five types of gases were selected,
representing various sets of solubility, solubility normalized by corresponding density and diffusivity, to
produce bubbles, as shown in Table 2. Note that the equation utilized Laplace pressure to represent an
existing bubble in liquid instead of its formation, thus requiring further modifications to precisely

describe the microfluidic bubble production process at a nozzle as described in this study.
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Structure and Fabrication:

The structure of the bubble-based gas sensor consists mainly of a gas flow channel, two liquid flow
channels, a nozzle, and an outlet channel for bubble flow, as shown in Fig.2-(a-b). The gas flow channel
introduces the gas stream between the two liquid flows that are provided by the liquid flow channels. At
the intersection of both gas and liquid flows, the nozzle is located where the gas stream is cut into a train
of discrete bubbles by continuous liquid flows (Fig.2-(c)). These channels consist of hydrophilic walls to
maintain stable flow of liquid phase by wetting the channel walls, and their surface roughness is less than

Inm to avoid any disturbance in laminar flow through the channel. The channels are in 100’s micro-meter

ranges resulting in low Reynolds number (3%10° for liquid; 9.2 for gas phases), Re = pTuL, for both liquid

and gas phases to ensure the laminar flow through the channels. The width of the nozzle is designed to be
narrower than those of the gas and liquid flow channels in order to reduce the size and increase the
frequency of bubbles for higher precision measurement. The outlet channel is the path that the produced
bubbles flow for optical measurement. The outlet channel extends the observation range through a

meander shape within a compact footprint.

Fabrication was performed by molding individual PDMS layers containing a micro channel and stacking
them with oxygen plasma bonding techniques through only one mask step (Fig.3). First, SU-8 2050
(MicroChem) polymer layer was utilized to construct a raised structure, a sacrificial channel mold for the
fluid channels as well as the nozzle. The SU-8 pre-polymer was spin-coated at 2500rpm for 60s on top of
a silicon wafer and subsequently cured at 65°C for 3 minutes and 95°C for 9 minutes. The resultant
thickness of 38um defined the heights. After being patterned with UV lithography at 350W and 30s, the
SU-8 mold was post-baked at 65°C for 2 minutes and 95°C for 7 minutes to accelerate the cross linking
mechanism in SU-8 and developed for 3-5 minutes in a SU-8 developer (MicroChem). On top of the
fabricated mold, PDMS (Sylgard 186 Silicone Elastomer Kit), diluted in a curing agent at a 10:1 ratio,
was poured and then cured at 65°C for 6 hours. The same process was repeated to fabricate the top PDMS
layer. The resultant widths of the fabricated gas channel, liquid channels, nozzle, and outlet channel were
200, 150, 40, and 600um, respectively, and the height of all structures was 38um. The length of the outlet
channel was designed to be relatively shorter (15mm) to reduce the viscous resistance of the outlet
channel, according to the Poiseuille equation as R = uL/h* where u, L, and & are liquid viscosity, outlet
channel length, and outlet channel height, respectively [36], resulting in the reduction of the required
pressure to produce gas bubbles. The reduced pressure in turn decreased the bubble frequency within the
limit of the given camera speed, the relationship of which was confirmed in previous studies by other

research groups [35]. The designed volume fraction of the bubbles (the ratio of bubble to outlet channel
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volumes) ranged between 0.33~0.37 in this particular study. On the PDMS layers, three I/O holes were
drilled by a custom-made bio-puncher with a 20-gauge size (ID=0.6mm, OD=0.91mm), resulting in a
final diameter of 600um. The two PDMS layers were then bonded by exposing each layer under oxygen
plasma using Dyne-A-Mite 3D treater and Enercon (120V and 4A for 30s), and stacking them on top of
each other under pressure at room temperature. The bonded channel was immediately filled by a DI water
to maintain the hydrophilic properties of oxidized PDMS walls. Each test was performed first by
continuously flowing of liquids over 2-3 minutes in order to clear up any potential bubbles remaining at
the wall of the channel. Within the tested flow rate range, bubble stiction was not observed in the micro

channel. Note that the gas permeation through the PDMS walls can be estimated following the permeation

PAAp

flux equation [54]: F = — where the gas-PDMS permeability (P), wall thickness (d), pressure

difference (Ap), and effective gas-PDMS interface area are 10 gems™(cmHg)”, 0.5cm, 7.5%10"cmHg
and 1.1x10cm? respectively. The calculated permeation rate is 1.7x10™"° g/cm’s, which implies that one
nitrogen gas molecule (4.65x10*°g) through the given interface area would require 4.1x10° second to
diffuse through the PDMS walls. Such estimated permeation time (4.1x10’s) of gases through the PDMS
walls is clearly much larger than the residence period (~1s) of each bubble flowing throughout the
channel. Thus, the influence by gas permeation through the PDMS walls on the final bubble size during

the measurement was neglected. The footprint of the fabricated device was 20x5mm? (Fig.2-(b)).
Testing Methodology:

Experimental testing mainly utilized the monitoring of the bubble diameters through video analysis in
order to observe two aspects of this sensing process: (i) the correlation of bubble size to gas types and
mixture ratios and (ii) the sensing performance as a gas chromatography sensor in terms of detection and
stability over time. To generate bubbles, the target gases were supplied through a commercial GC
instrument (Thermo Focus GC) at pressure of 6~20kPa, and liquid was provided in control by utilizing a
syringe pump (KD Scientific, KDS-210). The produced bubbles were then video-recorded by an optical

camera for detailed analysis.
Image analysis:

The optical camera-based unit was utilized to measure the diameters of flowing bubbles over a finite
period of time (>60 sec). It consisted of a video camera (Edmund optics EO-1312M, speed 22 fps)
coupled with a microscope (Mitutoyo) and a laptop for recording and analyzing the bubble. The utilized
camera measured 400~550 bubbles per second, thus accommodating the bubble generation frequency

under our experimental condition (~500 bubbles/s). The microscope incorporated 5X amplification
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through a magnifying lens. The video recording was performed at a section of the full meandered channel
that was 8mm away from the nozzle. The recorded video frames were then analyzed by a MATLAB-

based custom program, resulting in statistical analysis data.

The developed MATLAB-based software processed an image analysis algorithm to precisely determine
the size of the bubbles. First, the developed program divided the recorded video into grayscale frames of
1024x1280 pixels (Fig.4-(a)), where each pixel is equivalent to lum under a microscope with a 5X
amplification factor. In the grayscale frame, each pixel of the whole frame was first assigned with
corresponding darkness values, or pixel values, ranging from 0 (complete black) to 255 (complete white).
Typically micro gas bubbles held dark or close-to-black colors in the pixel value range of 60~80, while
the channel appeared bright or close-to-white colors in the pixel range of 150~170. Some space between
the bubbles and the channel held gray colors. In order to clearly define the boundary and thus the size of
each bubble, the grayscale frame was converted into a black-or-white (binary) frame by setting a
threshold in the pixel values. For example, the pixels that hold the values below the threshold were
converted into black, while the pixels above the threshold values were converted into white, as shown in
Fig.4-(c). The threshold value was defined as the minimum pixel value that formed completely-filled and
—circular shapes in all the bubbles within the frame. It was typically observed that 36.7% increase from
the lowest pixel value (darkest color) successfully defined fully-circular shape for all the bubbles in the
black and white image frame, as shown in Fig.4-(b). Thus, the threshold pixel value was set as 36.7%
throughout the experiments. Then, the diameter of each binary image was determined by averaging the x-
and y-axis diameters. Each bubble was then assigned with respective colors depending on the bubble sizes
in order to visualize the bubble size distribution over frames (Fig.4-(d)). Finally, statistical data was
generated on the counts and the diameters of the produced bubbles. Figure 4-(¢) shows an example of
statistical variation (3.1% variation of the mean diameter of 116.8um) of 3042 helium gas bubbles over

210 frames in 10 seconds.
Characterization of bubble production:

To validate the feasibility of identifying gas types by monitoring bubbles as a sensing element, the
variations in diameters of the produced bubbles were measured under various sets of gas types and
mixtures. Additionally, pressure and flow rates were monitored to measure the characteristic conditions of
the bubble production by locating a gas flow/pressure meter (Omega fma-1604a) at the inlet of the
microfluidic device. The collected data were processed through the LabView program at the sampling

frequency of 21Hz. Note that the bubble volume was measured at a fixed location, thus at a fixed time
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point after its formation, for consistency, and did not consider its variations over time within the scope of

this paper.
Gas types vs. bubble volumes:

To verify and compare the variations in the produced bubble volumes depending on gas types, five
different gases (CO,, He, H,, N,, and CH,) were supplied to a microfluidic nozzle respectively while the
diameter of the produced bubbles was monitored over a period of 1 minute. Then, the resultant gas
diameters were converted to estimate volumes and then correlated to each gas type. Five different gas
types were selected to cover the wide range of diffusivity and solubility of various gases, as mentioned in
Table 2. The diffusivity covered from 1.49x10” (CH,) through 1.88x10° (N,), 1.92x10” (CO,) and
4.5x107 (H,) to 6.28x10°cm?*/s (He), while the solubility of four gases (CHs, N,, H, and He) were
similarly ranged between 0.009 and 0.0054 in contrast to that of CO, (1.716) [55-56]. The utilized liquid
was a 52% glycerol/water mixture that held the viscosity of 6.1mPa.s [35-36]. The liquid flow rate and
gas pressure were fixed at 22.17ul/s and 13.10kPa, respectively.

Gas types vs. p/q ratios vs. linearity:

The ratio of gas pressure to liquid flow rate, representing a control parameter of bubble volume, was
adjusted from 0.39 to 0.59uL/s by increasing flow rates from 22.17 to 25.00, 27.84, 30.50, and 33.34uL/s
at the fixed gas pressure of 13.10kPa while the diameters of the produced gas bubbles were monitored, in
order to determine the linearity of the volume expansion coefficients for each gas. The linearity
coefficients allow the prediction of the diameters of the produced bubbles under different flow conditions.
The range of the selected liquid flow rates, between 22.17 and 33.34uL/s, was experimentally determined
to ensure stable bubble generation at the given nozzle geometry. Below the liquid flow rate of 22.17uL/s,
the bubble size distribution, or polydispersity, resulted a deviation of more than 5%, producing relatively
less-uniform bubbles. Above the liquid flow rate of 33.34uL/s, gases did not form discrete bubbles,
randomly dispersing through the liquid. Within the selected flow rates, discrete and uniform bubbles were
produced with 1.2 and 2.5% variations (polydispersity index) of 134.62 and 79.52um diameters, 17 and
10 bubbles/frame (for nitrogen gas), respectively. Within the selected liquid flow rate ranges, lower flow
rates were mainly utilized for various types of experiments because they produce bubbles with larger size
variations among different gases, resulting in clearer identification, as evidenced in Fig.6. Thus, the
lowest liquid flow rate of 22.17ul/s was mostly adopted throughout the experiments otherwise noted

differently.

Gas types vs. input energies:
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Both flow rate and pressure of the gas streams were measured during the formation of gas bubbles to
estimate required characteristic energy for the tested five gases. The gas pressure and flow rates were
fixed at 13.10kPa and 3.33uL/s respectively, and the liquid flow rate was set as 22.17ul/s. The
characteristic energy was estimated by multiplying the measured values of pressure and flow rate at the

time of bubble formation.
Gas mixture ratios vs. bubble diameters:

Gas mixture ratios between the hypothetical target (CO,) and carrier (N;,) gases were gradually varied
from 0% to 100% in order to prove and establish the relationship between bubble volumes and the
mixture ratios of multiple gases, while the diameters of the bubbles were monitored. The selected mixture
ratios for CO,:N, were 100:0, 80:20, 50:50, 20:80, and 0:100. Respective ratios were composed by
discretely injecting CO, into pure N, based on volume. The pre-mixed gases were continuously injected
by utilizing a high-precision syringe pump (KD Scientific KDS-130). The gas and liquid flow rates were
fixed at 0.83 and 16.67ul/s, respectively. Note that this testing was performed by providing gas flows

utilizing a syringe pump and resulted in a lower flow rate condition for bubble generation.
Characterization of a bubble gas sensor:

To validate the use of gas bubbles as a sensing element for a gas chromatography system, two preliminary
experiments were carried out: (i) sensing of an injected target gas (Cs) from a GC system and (ii) sensor
stability over time. For these experiments, a dose of pentane (Cs, specifically J.T. Baker 98% pentane)
was injected in a flow of helium carrier gas through a commercial GC system (Thermo Scientific Focus
GC). For all of the experiments here, gas pressure and liquid flow rates were set as 13.10kPa and
22.17ul/s, respectively, while the liquid phase was selected as a 52%w/w mixture of glycerol: water with

a viscosity of 6.1mPa.s controlled by adding 2%w/w surfactant.
Gas (Cs) sensing:

To demonstrate the establishment of a chromatogram, a dip, or a sudden change, in bubble diameters, was
monitored while injecting a target gas (Cs) of 0.01pL into a continuous flow of a carrier gas (He) at a flow
rate of 1.00uL/s. The resultant bubble diameters were plotted across time to produce a chromatogram
with the sudden peak or a dip. To identify a peak, a threshold in diameter change was set at two times the

standard deviation from the baseline diameter (113um) of helium (carrier gas) bubbles.

Overtime stability over time:
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To observe the overtime stability of the bubble sensing mechanism, the pentane injection test was
repeated over 67 times over a period of a month while the retention time, the peak location across the
time-domain, was monitored. An identical pentane amount of 0.001uL was injected, while the location of
the minimum bubble size was measured as the retention time. Since the retention time was subject to a

tube length, the tube length was fixed as 270cm throughout the repeated experiments.

Results and Discussion:

The measurement results showed that (i) the volume of the gas microbubble uniquely depends on the gas
types and mixture ratios, and that (ii) the monitoring of gas bubbles can be utilized as a gas sensor that

produced a chromatogram and stable performance over repeated tests.
A. Characterization of bubble production:
Gas types vs. bubble volumes:

Experimental results showed that five types of gases (CO,, He, H,, N,, and CH,) produced respectively
unique bubble volumes of 0.44, 0.74, 1.03, 1.28, and 1.42nL. under identical flow conditions of gas
pressure (13.10kPa) and liquid flow rate (22.17ul/s), indicating the existence of characteristic
relationship between gas types and resultant volumes, as shown in Fig.5. The bubble volumes of He, H,,
N, and CH4 were 68%, 134%, 191%, and 223% higher than that of CO,, indicating a clear difference
between each type of gas bubble and the CO, bubbles, as well as from each other. Note that these bubble
volumes were calculated from the measured bubble diameters of 94.10 (CO,), 111.90 (He), 125.09 (H,),
134.62 (N,), and 139.44pum (CH,). Experimental results also showed that the five types of gases generated
bubbles with low standard deviations of 0.085, 0.061, 0.054, 0.048, and 0.037nL and with low
polydispersity indices (standard deviation of bubble diameters / average diameter x100% [37]) of 6.19,
2.78, 1.75, 1.23, and 0.85% over approximately 8260 bubbles for a period of 1 minute, indicating high
uniformity in the produced bubble sizes over time. It is noted here that typically a polydispersity index

below 5% is accepted as uniform bubbles in microfluidic flow-focusing device research [35-37].
Gas types vs. p/q ratios vs. linearity:

Experimental results showed that (1) each gas type, CO,, He, H,, N,, and CHy, linearly increased in
volume respectively with the increasing p/q ratios from 0.39 to 0.59kPauLs™, from 0.14, 0.17, 0.23, 0.26,
and 0.35 to 0.44, 0.74, 1.03, 1.28, and 1.42nL, and that (2) each gas type presented characteristic linear
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coefficients (slope) of 1.38, 2.93, 3.45, 5.06, and 5.44nL/(kPa/uLs™), respectively (Fig.6). These results
indicate the existence of characteristic volume expansion coefficients depending on gas types. The
volumes of the produced bubbles were mostly distributed in the order of CO,, He, H,, N, and CH, within
liquid flow rates between 22.17 and 33.34ul/s at a fixed gas pressure of 13.10kPa. As noted earlier, all
the gases produced bubbles in uniform sizes within the selected flow range. Experimental results also
showed that the volume discrepancies among gases increased at a higher p/q ratio, indicating easier gas

identification at a lower liquid flow rate than a higher flow rate.
Gas types vs. input energies:

Figure 7 showed that each gas utilized characteristic amounts of energy to produce bubbles, including
0.20, 0.07, 0.15, 0.10, and 0.17mJ/s for CO,, He, H,, N,, and CH,, respectively, despite the identical
supply of gas pressure and liquid flow rates of 13.10kPa and 22.17ulL/s. The maximum and minimum
required gas flow rates were measured as 0.50 and 2.34uL/s for He and CO,, while the maximum and
minimum required gas pressures were measured as 96.60 and 98.18kPa for CO, and H,. The rest of the
gases required pressure and flow rates inside these ranges. Measurement results also showed that the
produced bubbles resulted in different volumes, as previously confirmed, of 0.44, 0.74, 1.03, 1.28, and
1.42nL for CO,, He, H,, N,, and CH,. The average energy required for each gas to generate bubbles

during the period of 1 minute of bubble generation was calculated based on the equation %26 p(t)qg4(t),

indicated by the parabolic dashed lines in Fig.7. It is notable that CO, required the highest amounts of
energy despite the smallest resultant bubble volumes. The figure also showed that higher input energy
tended to produce higher bubble volumes except for CO,, which could be attributable to significantly
higher solubility (more than 30 times greater).

Gas mixture ratios vs. Bubble diameters:

Experimental results showed that the different gas mixture ratios for CO,:N, of 100:0, 80:20, 50:50,
20:80, and 0:100 (1) utilized characteristic energy amounts of 0.033, 0.047, 0.052, 0.061, and 0.077mlJ/s,
and (2) produced characteristic bubble diameters of 48.95, 77.99, 71.00, 78.53, and 99.50um, as shown in
Fig.8-(a). This required gas flow rate and gas pressure varied linearly from 0.29 to 0.84pL/s and 93.22 to
96.26kPa with the increasing mixture ratios. Measurement results also showed that (3) the resultant
bubble diameters increased proportional to the mixture ratios, as shown in Fig.8-(b), indicating the
feasibility of identifying the exact mixture ratios and volumes of each bubble in various sizes for known
gas types. Fig.8-(b) shows that as the portion of N, increased in the CO,/N, mixture from 0% to 100%,
the produced bubble diameter increased from 48.95 (pure CO,) to 99.50um (pure N,). The linear

coefficient of the relationship, d &< km (d = bubble diameter and m = % of N, in CO,), was measured as k
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= 10.26um/%, indicating 10.26um diameter increase for every 1% addition of N, gas into CO,/N,
mixtures. This result validated the feasibility of predicting mixture ratios between the carrier gas and the
target gas for a known gas by monitoring the diameter variations. Experimental results also showed that
each mixture ratio for CO,:N, produced uniform bubbles with polydispersity indices of 7.53, 3.38, 4.61,
3.77, and 1.92% except CO,, which were calculated from 1054 bubbles for each mixture ratio. Note that
this testing was performed at a unique flow condition utilizing a syringe pump, resulting in the average
required input energy for CO, being lower than that of N, as well as gas pressure and flow rates for

bubble generation.
B. Characterization of a bubble gas sensor:

The fabricated bubble gas sensor demonstrated the ability to (1) successfully generate a chromatogram by
monitoring a train of the produced bubbles and (2) perform with stability and without degradation over

time.
Gas sensing:

The bubble sensor demonstrated that a 0.01uL injection of pentane (Cs) into a continuous carrier gas
stream of helium (He) was successfully identified by monitoring sudden reduction in the bubble diameters
from 118.50pum of He bubbles (carrier) to 112.00pum by 6.50um, which corresponds to 5.50% variation,
over 25.35 seconds, as shown in Fig.9-(a). This result indicates the feasibility of the proof-of-concept
bubble-based gas sensing. The retention time (the time period until pentane produced the minimum
bubble diameter), was measured to be 119s, while the peak width was measured to be 4s, representing a
chromatogram plate number of 29.8. The result also shows that the bubble size started to decrease at the
117" second from the average diameter of 116.67um to 112.00pum at the 120" second as the minimum
and then increased back to 120.63um at the 122™ second, forming a chromatogram peak. The minimum
detectable volume was 0.002pL considering that the minimum detectable optical measurement limit was

Tum.

Fig.9-(b) shows that the resultant histogram from the injection of 0.10uL Cs sample, containing 14,460
bubbles over the whole time period, clearly identified both He and Cs bubbles in diameters. The average
diameters of He and Cs bubbles were measured to be 112.96um and 105.02um with the relative diameter
difference of 7.94um or 7.03%. Such a diameter difference was significantly larger than the standard
deviation (2.01um) from the diameter distribution of He bubbles by four times, allowing clear
identification. The x-axis was divided into bin sizes of 0.35um and approximately 3332 bubbles were

counted for Cs gas detection.
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Stability over time:

Experimental results demonstrated that the bubble-based sensor produced stable retention time (peak
occurrence time in the chromatogram) with variations of only 5.60% around the mean retention time of
92.40 second over 67 repetitive tests when tested with a tube length of 270cm, indicating performance
stability over time unlike chemistry-based sensing mechanisms. Each test was carried out for 120-130
seconds and approximately 24,000 bubbles were utilized for image processing analysis. Note that the
peak edges were determined when the measurement values changed beyond twice the standard deviation

(5.60%) of helium bubble diameters without injection under a liquid flow rate of 1.00pL/s.

Conclusions:

We have developed a proof-of-concept microfluidic bubble-based gas sensor that demonstrated overtime
stability for gas sensing application and was simple in structure and fabrication. The bubble-based gas
sensor was fabricated by utilizing one mask in combination of polymer molding and bonding techniques.
The fabricated device demonstrated that different gas types and binary gas mixture ratios produced
characteristic bubble diameters while requiring characteristic energy levels, verifying the feasibility of
identifying gases by monitoring bubble diameters. The resultant bubble-based sensor experimentally
demonstrated the production of a gas chromatogram for the injection of a Cs gas as well as long-term

stability of the system as a gas chromatography system sensor.
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Figure 1: Concept of gas sensing: (from left to right) gas mixture passes through separation column and
separated as individual component (Cs, Cyg, C,). The carrier gas is helium and it forms trains of uniform|
sized bubbles in a microfluidic flow-focusing device. The device changes the size of bubbles when the
gas changes from helium to another (He:sample (Cs/C,¢/C;,) mixture). By monitoring the size change of

bubbles the device enables to generate chromatogram.
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Figure 2: Device structure: (a) a microfluidic flow-flowing device showing liquid and gas channels to

make trains of bubbles, (b) device photo, and (c) SEM image of nozzle section showing nozzle, channell

height, gas channel and liquid channel.
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He, H,, N,, and CH,) at gas pressure of 13.10kPa, liquid flow rate of 22.17uLs™ and liquid viscosity of

6.10mPa.s, showing how bubble size changes according to the gas types.
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different p/q ratios showing different linearity coefficients (slope) for each gas.
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Figure 7: Energy correlation with respect to required amount of gas pressure, gas flow rate and bubble

volume indicating each gas required characteristic amount of pressure and flow rate to make characteristic
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Figure 9: Bubble size variation for Cs injection: (a) bubbles sharply reduce their diameter when the device

experiences a transition from helium gas to Cs gas, (b) histogram of bubble size over whole time period

shows a clear difference between the helium and Cs bubble indicates presence of Cs in helium flow.
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Table 1: Comparison of different gas sensors.

Physics-based gas sensors Chemistry-based gas sensors

Bubble TCD [V FID Chem-R  SAW MOS F-P Resont.

(Proposed)  [33-34] [32] [31] [17-18] [21-22] [23-24] [25-26] [19-20]
Output Stable Stable Stable Stable Drifting Drifting Drifting Drifting Drifting
Miniatur . . Impossib.  Impossib. . . . Impossib.  Impossib.
o Possible Possible o Possible Possible Possible
ization (vacuum)  (ionizer) (laser) (vacuum)
Fab. Simple Complex  Complex Complex Simple Simple Medium Medium Medium
Sample Intact Intact Damaged Damaged Intact Intact Intact Intact Intact
Post- . . . . . . . . .

| Possible Impossib.  Impossib.  Impossib.  Impossib.  Impossib.  Impossib.  Impossib.  Impossib.

analys.

Table 2: Solubility, solubility normalized by density and diffusivity of some gases in pure water [55-56].

COZ He H2 N2 CH4
Solubility (vol/vol) 1.7160 0.0090 0.0200 0.0230 0.0540
Solubility/density (') 0.9178 0.0532 0.2512 0.0198 0.0794

Diffusivity (cm®/s)x10” 1.9200 6.2800 4.5000 1.8800 1.4900




