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Abstract: Gas embolism is a medical condition leading to the blockage of blood flow in the 
microvasculature by gas bubbles. While reported as rare, gas embolism often has devastating, fatal 
physiological consequences. Despite this acute importance, the genesis and evolution of air bubbles 
in blood vessels under different physiological conditions, such as blood viscosity and blood flow 
rate, is still understudied, largely because of difficult experimentation and in situ visualization. The 
objective of this work was to study the gas embolism phenomenon in vitro, using a microfluidic 
system that mimicked the architecture of microvasculature. The microfluidic systems comprised 
linear channels with two different air inlet types, namely, T- and Y-junctions with three different 
widths (20 µm, 40 µm, and 60 µm), and a 30 µm width honeycombed network with three bifurcation 
angles (30°, 60°, and 90°). Three synthetic liquids equivalent to 0%, 20%, and 46% hematocrit that 
mimicked the physiological blood viscosity and hematocrit concentrations were used. Our results 
show that: (i) 20 µm and 40 µm width channels had an elevated risk of gas embolism due to wide 
fluctuations in the total slug sizes; (ii) the resistance to the flow of air bubbles increased with the 
increase in the equivalent concentration of hematocrit; (iii) gas bubbles causing blockages and 
dampening of the flow velocity were frequently observed in 20 µm channels, and lastly (iv) 
increased risk of gas embolism was observed in the honeycomb architecture with 60° and 30° 
bifurcations. This work suggests that in vitro experimentation using microfluidic devices with 
microvascular tissue-like structures opens the possibility of studying this medical condition with 
high reproducibility and impacts the fact-based medical guidelines for preventing or mitigating 
iatrogenic occurrences. 
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1. Introduction 
Gas embolism is a medical condition consisting of the blockage of blood flow in the 

microvasculature by gas bubbles. While reported as rare, gas embolism has often 
devastating physiological consequences, including brain injury, disabilities, or even 
death.1, 2 Gas emboli, sometimes entitled air embolism, can be introduced either 
endogenously or exogenously, leading to detrimental tensions in vascular endothelial 
cells. More dramatically, drastically reducing blood and oxygen supply to tissues, thus 
causing venous gas embolism (V.G.E.),3-5 arterial blockages (arterial gas embolism, 
A.G.E.),6 cerebral (cerebral gas embolism, C.G.E.)7-10 and tissue ischemia.11, 12 Gas 
embolism is an underrepresented medical condition, with high mortality rates (at times 
>46%3). While gas embolism occurs in several occupational circumstances,13, 14 essentially 
any medical procedure can lead to it, like laparoscopy,15 peripheral venous 
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catheterizations,16-19 hysteroscopic endometrial ablation,3-5, 20-23 cardiopulmonary 
resuscitation,24 or during wound irrigation with disinfectants like hydrogen peroxide.25  

Furthermore, gas embolism can be the consequence of abrupt changes in pressure 
experienced by the body, for example, deep-sea scuba diving, high altitude flying, aero-
space operations26 or even during explosions and aggression-induced traumas.27-30 
Occupational divers encounter significant breathing hazards and mortality issues such as 
decompression sickness, C.G.E., compression pains, barotrauma, oxygen toxicity, 
hypoxia, and breathing gas contamination, like carbon monoxide.31 It is estimated 32 that 
at least 70% of occupational sea divers experienced decompression sickness and that this 
incidence is even higher in low-income and middle-income countries. Furthermore, 
decompression sickness is presently an underestimated professional hazard for 
aquaculturists and deep-sea divers, 33 as climate change forces deeper diving.34 

Presently, the morbidity and mortality of gas embolism cannot be completely 
quantified due to the complexity of reported cases, possibly coupled with underreporting. 
However, based on retrospective studies, it was established that gas embolism is one of 
the major critical issues in intensive care units (I.C.U.s).35-37 Gas embolism can be a 
common unintended outcome during surgery, such as neurosurgery, coelioscopy, 
endoscopy, hemodialysis and central venous catheterization.38, 39 Furthermore, the 
advancement of new surgical techniques, such as invasive vascular approaches and 
probing of tissues during surgeries, is likely to have an impact on the increase of incidence 
in gas embolism events. 26 

While the events following gas embolism complications were relatively well-
reported,7, 16, 40-42, the physical triggers of gas embolism genesis and the events before a 
pathological condition is apparent, are still ambiguously and poorly described.43 
Consequently, a fundamental understanding of the relationships between gas emboli 
environmental parameters and their evolution can provide an important framework for 
treating gas embolism. Fortunately, microfluidics technology offers a convenient and 
versatile tool to explore the relationships between liquid and air parameters related to gas 
embolism.44-47 Recent works reported microfluidics for in vitro characterization of bubble 
dynamics which was further verified by in vivo investigations.48 More generally, the 
capability of the ever-advancing microfluidic systems to study complex physiochemical 
and biological phenomena in live tissues was repeatedly and frequently demonstrated.49-

53  
Poly-dimethyl-di-siloxane (PDMS) is a material frequently used for microfluidic 

device fabrication54, including studies related to gas embolism.48, 55, 56 PDMS is an 
elastomeric polymer with well-established microfabrication protocols57 and many 
beneficial properties, like optical transparency, which is essential for microscopy 
studies,58-55 high replication precision by soft lithography,54 and biological compatibility 
for cell studies.53-55 Additionally, PDMS presents mechanical and physio-chemical 
properties, e.g., high oxygen diffusivity, high elasticity, surface wettability, that can be 
modulated by exposure to U.V. radiation or oxygen plasma, making it a strong candidate 
for mimicking vascular tissues.59, 60 For instance, the Young modulus of PDMS ranges from 
0.05 to 2 MPa,60 and up to 5 MPa,61 compared with 0.04 to 2 MPa for human abdominal 
aorta sections, and 0.05 to 1.45 MPa for the human iliac artery,62 and in cerebral arteries 
up to 5 MPa.63 Furthermore, while the normal O2 diffusivity of PDMS is higher than that 
of blood vessels, namely, 3.4×10-5 cm2/s,64, 65 compared with ~10-6 cm2/s,66 both mechanical 
and physicochemical properties of PDMS are tunable by polymer-crosslinker composition 
and curing conditions.57, 59, 67  

A previous study56 investigated the dynamics of red blood cells (local cell 
concentration) and other cell-free components (cell-free layer) of the blood around gas 
bubbles in linear channels. This study used blood-like dextran 40 containing 10% of 
bovine red blood cells (RBC.s) in microfluidic channels to demonstrate the concentration 
of cells was higher upstream of the bubble than downstream. Subsequent work55 studied 
the displacement of exogenously introduced bubbles and their size evolution in two 
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different hematocrit concentrations (5% and 10%), by using a multilevel bifurcations 
microfluidic device which led to an asymmetric division of the air bubbles. Recently, a in 
vitro microfluidics-based investigation provided an explanation of the environment 
around the gas emboli and the clot formation based on the flow-field hypothesis.48 This 
study investigated the formation of Taylor-bubbles (elongated bubbles in channels) using 
a glycerol-based liquid medium in a serpentine channel with T-junctions. The blood clot 
formation process and the impact of coagulation on bubble movement were explained 
based on Taylor-Bretherton's theory and Laplace's theory, and described how the 
localized thrombus formation upstream severely reduces the flow velocity (Taylor-
Bretherton's theory) due to thrombus induced resistance and thus halts the bubble 
displacement (Laplace’s theory) due to clotting.48 

Despite the numerous clinical works concentrating on mitigating surgery-derived or 
occupationally-derived pathological effects of gas embolism,26, 41, 68-70 only a few studies 
focused on mimicking gas embolism in microfluidic systems.48, 55, 56, 71, 72 However, most of 
these studies focused on embolism in large blood vessels, e.g., 100 µm, or used blood flow 
rates or air pressures that are less biologically relevant. Also, many more questions 
regarding the impact of real-life parameters on gas embolism genesis are waiting for 
answers, such as: What is the effect of micro-vessel diameter (if less than 100 µm) on the 
genesis of gas embolism? Is there a particular angle of air entry that aggravates the risk of 
gas embolism? Can bifurcation angles impact emboli displacement? How does blood 
viscosity affect vessel blockage? Based on viscosity, are there individuals with a higher 
risk of experiencing a gas embolism event?  

To answer these questions, the present work studied previously unexplored 
diameter ranges of microfluidic structures mimicking blood vessels (namely 20 µm, 30 
µm, 40 µm and 60 µm), using three different biologically relevant hematocrit 
concentrations including 0%, 20%, and 46%, for reference, anemic, and normal hematocrit 
concentrations, respectively. Different liquid-to-air ratios, like 1:10 to 1:100, were assessed 
in linear channels with T- and Y-junctions, as well as in complex, arterial bifurcation-like 
channels. 

2. Materials and methods 
2.1. Microfluidic chips and overall experimental setup 

The experimental setup is presented in Fig. 1A, and various geometries of the 
channels mimicking microvasculature are presented in Fig. 1B and Fig. 1C. These designs 
consisted of linear channels with two configurations, namely, T- and Y-junctions, and a 
network of channels with 30 µm widths connected in honeycomb-like patterns with three 
bifurcation angles, namely, 30°, 60°, and 90° (Fig. 1B and Fig. 1C). The linear channels with 
T- and Y-junction entries with widths of 20 µm, 40 µm, and 60 µm were used to investigate 
the effect of the liquid-to-air mixing interface, the liquid slug, and the properties of air 
bubbles (Fig. 1A, bottom). The honeycomb-shaped network, comprising six bifurcation 
levels with 30 µm width was used to assess the impact of the bifurcation angle on the 
displacement of bubbles. More details of the channel architecture are presented in the 
Supplementary Information Fig. S1.  
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Figure 1. Experimental setup and microvascular-mimicking architectures used for the study of gas embolism. A. The 
experimental setup includes a microscope (Olympus IX83) and the microfluidic device (in the inset) with inlets for air (in 
blue) and fluorescent liquid (in green), outlet (in light green). The inlets are connected to programmable syringe pumps. 
The schematics showing the inlets, the fluid viscosities used in this study, the sizes of air bubbles, liquid slugs and total 
slug units and their boundaries are presented in the lower part of A. The overall designs (B.) and optical images (C., 
partial) of the microvasculature structures used for studying the parameters that modulating gas embolism in vitro. 

Standard SU-8 photolithography technique was used to fabricate the silicon master 
wafers, followed by PDMS soft lithography replication. The devices were treated with 
oxygen plasma and sealed on clean glass slides. The fabrication procedure is illustrated in 
Supplementary Information Fig. S2. The experimental setup used programmable syringe 
pumps (Pump 11 Elite Syringe Pumps, Harvard Apparatus) to inject different working 
fluids into the microfluidic chips. An inverted confocal microscope (Olympus IX83 
fluorescence microscope, Olympus Corporation) with a high–speed camera was used for 
visualization. All experiments were carried out using a Uplano 4X magnifying objective 
for linear channels, and a UPlano 1.25X magnifying objectives for the bifurcated complex 
networks, which provided a larger field of view. The images were acquired at the mid-
plane of the microfluidic chips at a frame rate of 100 frames per second (fps) by a high–
speed camera (C11440-42U30, Hamamatsu Photonics K.K.). 

2.2. Working fluids 
The three working fluids used in this study vary in viscosity which is tailored to 

match the rheological properties of blood at 20%, and 46% hematocrit concentrations, and 
using water as benchmark fluid which is equivalent to 0% hematocrit. The preparation 
procedure was adopted from other study.73 The synthetic hematocrit formulation 
consisted of 60% water, 40% glycerin, and a varying total amount of xanthan gum to 
mimic blood viscosities and rheological properties (0.0075% and 0.04% for equivalent 
concentrations of 20% and 46% hematocrit, respectively). The liquid flow rates were 
selected based on blood flow in human arterioles.74 For the channels with widths of 20 
µm, 30 µm, 40 µm, and 60 µm, the liquid flow rates were 12 µl h-1, 24 µl h-1, 42 µl h-1, and 
90 µl h-1, respectively. For fast high-quality imaging, fluorescein, a green, fluorescent 
compound was mixed with the working fluid (1 ml of 2% stock solution for 50 ml working 
fluid) to track the movement of the liquid slugs and liquid phase in conjunction with the 
gas bubbles and the gas phase flow. 
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2.3. Image analysis 
The acquired images were processed by ImageJ FIJI software to measure the size and 

velocity of liquid slugs and air bubbles. The data analysis was performed using MATLAB 
codes specifically developed to identify liquid slugs and air bubbles based on fluorescence 
intensity using 8-bit microscopy images converted to binary images. Image analysis and 
image type conversion were based on protocols reported elsewhere.75 GraphPad and 
MATLAB-based graph plotting tools were used to plot the datasets. 

3. Results and discussion 
Slug flow (or Taylor flow) is defined as the successive displacement of a total slug 

unit composed of an air bubble and a liquid phase known as liquid slug.76 The Movie SI 
1 (Supplementary Information) presents the typical results from microscopy in the 
experiments. The green fluorescence represents the liquid interface, while zero-
fluorescent channels represent the gas bubbles. The experimental parameters, namely, 
equivalent concentration of hematocrit, channel width, junction type, and the liquid-to-
air ratio, influenced the observed flow patterns (Section 3.1) and physical properties of 
total slug behavior (Section 3.2) in different experimental conditions as detailed below. In 
this study, the length and velocity of air bubbles and liquid slugs were used to 
quantitatively interpret the impact of the experimental parameters. 

3.1. Flow patterns of liquid slugs  
In general, the various geometries of the microfluidic systems, including channel 

widths, T- or Y- junctions (Fig. 1B and Fig. 1C), coupled with the fluid properties, namely 
liquid-to-air ratios and equivalent concentrations of hematocrit, resulted in four typical 
flow patterns (Fig. 2A-E, and Mov. SI1). Fig. S3 presents a more detailed panoply of the 
flow patterns obtained for all experimental conditions used in this work. These flow 
patterns are briefly described as follows: 

 
Figure 2. Flow patterns in different microfluidic structures mimicking blood vessels. A. Continuous flow (single liquid 
phase flow). B. and C. Liquid dominated pattern, repetitive air bubbles in liquid slug flow, with different dimensions and 
frequencies. D. Air-dominated pattern, liquid in air bubble flow. E. Stratified behavior, continuous laminar flow. Slug flow 
patterns were observed in B, C and D. The intensity plot profile compares the intensity of fluorescence spikes due to liquid 
slug flow in the channels. 

 
Continuous flow of a single liquid phase. The continuous flow pattern was predominant 

at low liquid-to-air ratios, especially below 1:10, at the highest equivalent concentrations 
of hematocrit, namely, 20% and 46%, and larger channel widths. For these conditions no 
air bubbles were formed in the fluid flow (Fig. 2A). The presence of T-junctions translated 
in a higher propensity for continuous flow of a single liquid phase than the Y-junctions. 
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i. Liquid-dominated, recurrent alternating air-in-liquid slug flow. This pattern 
appeared as air locked in a liquid-dominated flow. Higher equivalent 
concentrations of hematocrit, and most cases of flow rates in channels with 
Y-junctions, translated in this flow pattern. However, two variants were 
observed, that is regular, short liquid slugs with long air bubbles (Fig. 2B) 
and irregular long liquid slugs with long air bubbles (Fig. 2C). Fig. 2B and 
Fig. 2C present this flow pattern for Y-junctions, also observed in T-junctions 
with larger channel widths namely, 60 µm (Fig. S3). 

ii. Air dominated, recurrent liquid-in-air bubble flow. This pattern (Fig. 2D) 
occurred predominantly for liquids with lower viscosities, and in networks 
with T-junctions (regardless of the channel width) at liquid-to-air ratios 
above 1:40 for water and above 1:80 for 20 and 46% equivalent concentrations 
of hematocrit. In the tested conditions, this pattern was frequently observed 
with water in 20 µm channels and sometimes in 40 µm channels, with liquid-
to-air ratios below 1:40. Lastly, the size of the liquid slugs was small 
compared to the length of the air bubbles. 

iii. Stratified, continuous laminar flow. This type of flow pattern (Fig. 2E) was 
specifically observed in the channels with Y-junctions, for fluids with high 
viscosity, and at both low and high flowrate ratios (Fig. S3). The flow 
patterns of the alternating liquid slug and air bubbles transitioned to a flow 
with laminar and stratified aspect, where both the liquid and air flowed 
seamlessly as a continuous two-phase parallel flow. Finally, with high liquid-
to-air ratios (higher than 1:80), the cross-section of the channel occupied by 
liquid, decreased. 

3.2. Effective parameters of the gas bubble and liquid slug displacement in T- and Y-junction 
linear channels  

Figs. 3 and 4 show the detailed flow patterns and the general liquid slug behavior in 
linear channels. Figs. 3A and 4A are representative microscopy images and flow patterns 
of two liquid-to-air ratios for three equivalent concentrations of hematocrit and three 
channel widths with T- and Y-junctions (Fig. 3 and Fig. 4, respectively). The microscopy 
image panel for varying flow patterns for all tested ratios and parameters, representing 
the air bubble size versus the liquid-to-air ratio ranging from 1:10 to 1:100, are provided 
in detail in Supplementary Information Fig. S3.  

Fig. 3B-3C and Fig. 4B-4C present the size of air bubbles and liquid slugs versus the 
liquid-to-air ratio ranging from 1:10 to 1:100. In Figs. 3B – 4B and Figs. 3C-4C, the linear 
fit lines represent the trend in the sizes of air bubbles and liquid slugs observed across 
different flow ratios measured from several experiments (n ≥ 30 different measurements). 
The standard deviation (S.D.) represented the length variations of the air bubbles and 
liquid slugs at a particular liquid-to-air ratio. High differences resulted from the 
fluctuating air pressures and reduced liquid slug displacement in the channels during the 
onset of emboli. Conversely, smaller variations of air bubbles and liquid slug sizes 
corresponded to uniform, reproducible flow patterns and predictable sizes of total slug 
units. Three parameters, namely (i) channel width; (ii) equivalent concentration of 
hematocrit, and (iii) liquid-to-air ratios, in networks with T- and Y-junctions, influenced 
the uniform or non-uniform, fluctuating air bubble:liquid slug behaviors, further detailed 
below (Figs. 3B and 4B).  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 March 2022                   doi:10.20944/preprints202203.0193.v1

https://doi.org/10.20944/preprints202203.0193.v1


 7 of 19 
 

 

 

Figure 3. Flow patterns in linear channels with T-junctions, for different liquid-to-air ratios. A. Fluorescent micrographs 
of the representative flow patterns for different channel widths, viscosities, and liquid-to-air ratios. The full description of 
flow patterns is presented in Supplementary Information. B. Graphs of the measured the sizes of air bubbles and liquid 
slugs across different liquid-to-air ratios. The standard deviation (S.D.) represents the size variation of the air bubbles and 
liquid slugs calculated from the observed values in linear channels. The larger S.D. represents larger fluctuations in the 
size of air bubbles and liquid slugs. The three graphs represent three different viscosities. 

3.2.1. Channels with T-junctions 
Effect of equivalent concentrations of hematocrit. The different equivalent concentrations 

of hematocrit used in this study impacted the flow patterns in the channels. As the 
viscosity of the injected liquid increased, the size of the air bubble decreased, irrespective 
of the channel width (Fig. 3B). Viscosity-derived reduction in the size of air bubbles was 
observed during the injection of liquids with an equivalent concentration of 0% 
hematocrit. An example of this occurrence is presented in Fig. 3B. The slight increase in 
liquid-to-air flow ratios, i.e., above 1:20, led to a rapid increase in bubble length, i.e., longer 
than 1500 µm, typically beyond the field of view of the microscope objective. Working 
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fluids with 0% and 20%, equivalent concentrations of hematocrit showed a dependence 
of the channel width on bubble size (larger to smaller) 40 µm, 60 µm and 20 µm (red, blue, 
and green lines, respectively in Fig. 3B). Also, the difference between sizes of air bubbles 
for different widths was considerable. However, for the equivalent concentration of 46% 
hematocrit, the sizes of air bubbles started to decrease, and the significant differences 
presented before due to channel widths dwindled, as clearly observed in Fig. 3C. It is also 
notable that the size of air bubbles decreased and the average trendlines were not 
significantly different anymore for larger width channels (green - 20 µm, red - 40 µm, and 
blue - 60 µm lines (Fig. 3B and 3C)). The variability in the sizes of air bubbles and liquid 
slugs was represented as the standard deviation (S.D.), vertical lines in the graph (Fig. 3B, 
4B and 5). Longer vertical lines for S.D represent higher fluctuations in the measured sizes 
of the air bubbles and the liquid slugs, and shorter vertical lines indicated lower 
fluctuations or reproducible bubble sizes and liquid slug sizes. Higher fluctuations were 
significant for liquid-to-air ratios between 1:60 to 1:80 across the equivalent concentrations 
of 20% and 46% hematocrit, while the S.D slightly varied (shorter vertical lengths) for the 
equivalent concentration of 0% hematocrit. Overall, an increase in the liquid viscosity led 
to a higher fluctuation in the sizes of air bubbles and liquid slugs at moderate liquid-to-
air ratios (1:40 to 1:80). This can be explained based on the Newtonian fluid behaviour of 
water, leading to a smaller variability (S.D.) trend. However, the non-Newtonian fluid 
behaviour of the two different equivalent concentrations of hematocrit showed higher 
fluctuations in the size of air bubbles.  

Effect of channel width. Three different widths in linear channels were tested, i.e., 20 
µm, 40 µm, and 60 µm. The size of the air bubble varied non-linearly with the widths of 
the channel, with a maximum air bubble size for the 40 µm channel, irrespective of the 
equivalent hematocrit concentration. At higher liquid-to-air ratios, the size of air bubbles 
was larger than the field of view of the microscope objective. Irrespective of the channel 
widths and liquid-to-air ratios, the lengths of liquid slugs were below 1000 µm, as 
presented in Fig. 3C, with the notable exception of the narrowest channel (20 µm) and the 
highest viscosity (46% equivalent concentration of hematocrit). Indeed, working fluids 
with higher viscosities flowing in narrow channels induced a higher liquid-to-air 
resistance and, thus, promoted the creation of larger liquid slugs. 

Effect of liquid-to-air ratios. The size of air bubbles increased with increasing liquid-to-
air ratios. As a qualification, the viscosity reduced this relationship. On the other hand, 
the variation of the size of liquid slugs was quite unpredictable and no obvious trend was 
observed. In some cases, the liquid-to-air ratio was too low to physically mimic gas 
embolism. In such instances, a continuous single liquid phase was observed (Fig. 2A). This 
flow pattern was representative for the 20 µm channels and a working fluid with an 
equivalent concentration of 46% hematocrit. When increasing the liquid-to-air ratios, the 
preponderance of air bubbles, in terms of occupancy per unit area in the channel, 
increased. An increase in the liquid-to-air ratio translated into a shift in the flow regime 
from liquid-dominated, i.e., “air in liquid” pattern (Fig. 2B and C), to air-dominated, that 
is “liquid in air” pattern (Fig. 2D). The translation in the flow regime led to a decrease in 
the sizes of the liquid slugs, and conversely, the size of air bubbles increased. This effect 
was predominantly observed for liquid-to-air ratios higher than 1:60 with fluids with low 
equivalent concentrations of hematocrit (0% or 20%). Higher flow rates and a high 
equivalent concentration of hematocrit (i.e., 46%) translated into a stratified flow pattern 
in larger microchannels like 60 µm (Fig. 2E). Finally, the size and frequency of liquid slugs 
increased across different widths with increasing liquid viscosities. 

3.2.2. Channels with Y-junctions 
Effect of equivalent concentrations of hematocrit. Similar to the effect of viscosity on the 

size of air bubbles in channels with T-junctions, as the viscosity increased, the size of air 
bubbles decreased, irrespective of the channel width. In the 20 µm channels, the effect of 
an increase in the liquid viscosity led to short liquid slugs and air bubbles (Fig. 4A and 
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Supplementary Information Fig. S3). Also, similar to the channels with T-junctions, for 
flow with fluids at an equivalent concentration of 0% hematocrit, and with a low liquid-
to-air ratio (1:20), the bubble size rapidly increased beyond the field of view. For the 
equivalent concentrations of 0% and 20% hematocrit, the order of width-dependent (green 
- 20 µm, red - 40 µm, and blue - 60 µm lines Fig. 4B and 4C) air bubble size was similar. 
However, at the equivalent concentration of 46% hematocrit, the size of air bubbles started 
to decrease, and the differences observed between the different widths decreased too. 
Viscosity played a similar role on air bubble sizes and liquid slugs as for the experiments 
using channels with T-junctions, with some notable exceptions, as detailed below.  

 
Figure 4. Flow patterns in Y-junction linear channels for different liquid-to-air ratios. A. Fluorescent micrographs of the 
representative flow patterns for different channel widths, viscosities, and liquid-to-air ratios. The full description of flow 
patterns is provided in Supplementary Information. (Fig. S3) B. Graphs of the measured the sizes of air bubbles and liquid 
slugs across different liquid-to-air ratios. The standard deviation (S.D.) represents the size variation of the air bubbles and 
liquid slugs calculated from the observed values in linear channels. The larger S.D. represents larger fluctuations in the 
size of air bubbles and liquid slugs. The three graphs represent three different viscosities. 

Effect of channel width. An increase in the width of the channel decreased the 
frequency of the liquid slugs and air bubbles (Fig. 4A, horizontal comparison). Compared 
with larger widths, the 20 µm channels presented a higher frequency of liquid slug and 
air bubble alternating flow, for all fluid viscosities. As the width increased, the frequency 
decreased to the extent that for 60 µm channels, no liquid slug and air bubble alternating 
flow was observed. An increase in channel widths from 20 µm to 40 µm increased the air 
bubble size, but most 60 µm channels presented a stratified flow pattern. The alternating 
flow of liquid slugs and air bubbles was replaced by a streamlined, parallel flow of 
separate liquid and air phases, even for low liquid-to-air ratios. For the T-junction 
channels of the same width, streamlined, parallel flow was only observed at high liquid-
to-air ratios (like 1:120, for the equivalent concentration of 0% hematocrit, SI Fig. S3). The 
flow of fluids with lower equivalent concentrations of hematocrit in narrow channels 
resulted in a transition from an “air in liquid” pattern to a “liquid in the air” pattern (Fig. 
2B and C). This transition was typical for liquid-to-air ratios below 1:60 in both T- and Y-
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junctions (Fig. S3). A lower frequency of alternation between liquid slugs and air bubbles 
was observed for 40 µm channels, compared to 20 µm. The 60 µm channel presented 
mostly stratified flow patterns (Fig. 3A and 4A, Fig. S3).  

Effect of liquid-to-air ratios. The size of air bubbles increased with increasing liquid-to-
air ratios similar to the channels with T-junctions. However, an increase in the equivalent 
concentration of hematocrit dampened the rate of rising bubble sizes due to the increased 
resistance of air bubbles to liquid viscosity (Fig. 4A-C). Unlike the channels with T-
junctions (Fig. 3A-3C), those with Y-junctions presented a uniform alternating flow of 
liquid slugs and air bubbles with lower S.D. variations in their sizes and an increase of the 
liquid slugs with increasing channel width (Fig. 4A). Viscosity variation led to an 
increased frequency of liquid slug and air bubble alternating patterns. It was also 
observed that there was an intermittent release of bubbles into the liquid slug depending 
on the channel widths and liquid-to-air ratios. At lower liquid-to-air ratios, especially in 
the channels with smaller widths, e.g., 20 µm, a continuous liquid flow pattern was 
formed in which bubbles were released intermittently (Fig. 2A).  

From the experiments detailed here, it can be inferred that the accumulation of 
pressure against the liquid interface, which will stop, or reduce the flow in channels, has 
a chaotic behaviour along with the unpredictable, non-uniform formation of air bubbles 
and their displacement. A higher equivalent concentration of hematocrit intensified this 
phenomenon, suggesting a higher likelihood of gas embolism in smaller vessels for 
patients with higher blood hematocrit concentrations like polycythemia,77, 78 when the 
concentration can reach 50% or as high as 65% hematocrit. Moreover, the formation of 
longer air bubbles, or the intermittent discharge of air bubbles and liquid slug sizes, 
increases the possibility of microvasculature blockage.71 This was confirmed when 
injecting high viscosity working fluids (equivalent concentration of 46% hematocrit) in 20 
µm width channels. This observation was corroborated with velocity measurements, as 
described below. However, the intermittent release of air bubbles only slowed the velocity 
of the liquid slug, but it did not bring the flow to a halt or a blockage.  

Previous studies used linear55, 56 and serpentine channels48 with larger widths for the 
study of gas embolism in vitro. The channel dimensions in the present study are lower 
than 100 µm, which is closer to the dimensions of arterial blood vessels. It is important to 
mention that previous work48 reported that air bubbles stopped in the serpentine channels 
and inferred that this blockage is similar to gas embolism in vivo. However, in this study, 
and in the conditions reported here, exogenously generated bubbles, once injected in the 
network, continued until they reached the exit points for the total 3 cm length of the 
channels, without any detectable interruptions. One possible explanation is that 
serpentine channels present higher resistance than linear ones.71 According to Laplace 
displacement in straight channels, the bubbles are displaced without any blockages, 
irrespective of the viscosity, and the reduction in viscosity is possible depending on 
multiple flow parameters like liquid-to-air ratio, surface wettability, and fluid properties 
while the same expectation may vary on serpentine channels.48  

3.2.3. Velocity variation of the air bubbles and liquid slugs in T- and Y-junction channels 
The velocity of liquid slugs in the channels with T- and Y-junctions, with different 

widths, and various liquid-to-air ratios are represented in Fig. 5. The velocity of air 
bubbles and liquid slugs are closely correlated, with no significant variations between 
them. Increasing the equivalent concentration of hematocrit led to a dampening velocity 
of the air bubbles. The resistance to flow with an increase in viscosity was observed more 
clearly for the 20 µm channels compared to those with 40 µm and 60 µm widths. As 
expected, the highest velocity was observed for the fluids with equivalent concentration 
of 0% hematocrit, while the highest dampening of velocity was observed for those with 
the equivalent concentration of 46% hematocrit. The velocity dampening trend with 
increasing viscosity was also observed in channels with Y-junctions. The stratified flow 
pattern in 60 µm channels did not show any individual air bubbles or liquid slugs. The 
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observation of the flow in movies showed that a decrease in the velocity of air bubbles 
increased the probability of bubble halting and therefore increased the chances of gas 
embolism events.  

 

Figure 5. Effect of junction type, channel width, liquid-to-air ratio, and equivalent concentrations of hematocrit on the 
velocity of the liquid slugs. The standard deviation (S.D.) represents the velocity variation of the liquid slugs calculated 
from the observed values in the linear channels. 

These velocity fluctuations of the fluid flow and bubble displacement, related to the 
channel width, viscosity, and the liquid-to-air flow rate, were evident by inspecting the 
variability (S.D.) of velocities (Fig. 5). A chaotic competition between liquid and gas 
interfacial forces can be a possible explanation for velocity fluctuation. The stable, 
uniformly alternating flow of liquid slugs and air bubbles decreased the variability in the 
velocity. However, the transition of fluid flow from the “air in liquid” pattern to “liquid 
in air” pattern (Fig. 2) promoted the variation of the sizes of liquid slugs and air bubbles.44-

47  
Overall, based on the analysis of the impact of junction types, it appeared that 

channels with 20 µm widths had higher chances for gas embolism events due to a non-
uniform alternating behavior, frequent halting of the air bubbles, and higher resistance to 
flow of air bubbles. In channels with Y-junctions, an inverse relationship between channel 
width and velocity was observed, i.e., wider channels presented a decrease in velocity 
(Fig. 5, bottom row). However, there was no clear relationship between channel 
dimension and fluid velocity for channels with T- junctions. Similar to the velocity 
fluctuations observed in the 20 µm channels with T -junctions, those with 40 µm width 
and Y-junctions also had fluctuating velocities for all equivalent hematocrit 
concentrations.44-47 

3.3. Complex honeycombed network of channels 
Air resistance and gas embolism genesis were also studied in honeycombed 

structures with five generations of bifurcations. The honeycomb networks comprised Y-
junction inlets and 30 µm width channels (Fig. 1 and Fig. S1). A fluid with an equivalent 
concentration of 46% hematocrit was used. The key questions explored here were: Are 
there any angles that induce gas embolism events? How long are the air bubbles trapped 
in the bifurcations? And finally, can the air bubbles be washed or dissolved with high 
liquid-to-air ratios? The study with the complex bifurcation geometry was also used to 
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verify if Laplace displacement of bubbles occurred in more complex geometries with 
bifurcations at different angles as detailed below.  

An ImageJ-based qualitative analysis of traffic density and dynamic regions of the 
honeycomb network results related to liquid slugs and gas bubbles is presented in Fig. 6. 
Additionally, the median bubble and liquid slug position in the nodes were used to 
quantitatively characterize the flow behavior of liquid slugs in complex bifurcated 
networks in Fig. 7. 

 

Figure 6. Total traffic density of the liquid slug, namely, bubble traffic in a complex bifurcation network for three different 
bifurcation angles. Higher intensities represent higher liquid slug to air bubble traffic. The dark channels represent blocked 
paths. 

3.3.1. Mapping dynamic locations in the network 
The density maps correspond to the dynamic routes in the bifurcation network where 

the air bubbles and liquid slugs are predominantly traversing, or where the traffic of 
liquid slugs and air bubbles was dense. The density maps were derived as total sums of 
the positions of air bubbles and liquid slugs in all the frames recorded for different flow 
ratios and equivalent concentrations of hematocrit. The dark regions showed blocked 
channels in the network while regions with varying intensities of blue to yellow show the 
flow of liquid slugs and air bubbles. Different bifurcation angles showed considerable 
differences in the total slug behavior. The bifurcation network showed three prominent 
flow patterns (Fig. 7): (i) flow in single channel, (ii) flow in partial networks, and (iii) flow 
in the entire network.  

For example, flow of liquid slugs and air bubbles only in a single path (Fig. 6, first 
three columns) was observed for all the tested bifurcation angles, up to a liquid-to-air ratio 
of 1:40. For higher liquid-to-air ratios, the entire network had a different air bubble:liquid 
slug traffic, particularly for 60° bifurcation angles. For liquid-to-air ratios higher than 1:60 
in honeycomb structures with 90° bifurcation angles no prominent patterns were 
observed. The density maps indicate that for 60° bifurcation angles there is an effective 
flow of air bubbles and liquid slugs, whereas for 90° bifurcation angles there is a higher 
risk for gas embolism events, especially at higher liquid-to-air ratios. In contrast, 30° 
bifurcation angles showed a selective flow pattern and an increased possibility for a gas 
embolism event to happen across the periphery channels.  

3.3.2. Mapping stagnant features and blockages in the network 
Mapping blockages and velocity fluctuations due to air bubbles was achieved 

through a median analysis, which is a static analysis demarcating the bubble trapping 
from continuous fluid flow. The dark or less-illuminated areas represent channels where 
continuous fluid flow did not occur due to blockages by gas bubbles. It is simply the 
average of the unchanging signals of either the air bubble (dark pixels) or the liquid slug 
(bright fluorescent pixels) from a stack of recorded microscopy images over several 
thousand frames. This analysis revealed the stagnant regions of the network and the 
regions where air bubble blockages were highly expected. Three types of network 
blockages were predominant: (i) blockages at the bifurcation junctions; (ii) blockages in 
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the channels; and (iii) blockages at both bifurcation junctions and in the channels (Fig. 8A 
and 8B). The representative bifurcations with blocked bubbles and gas embolism events 
at different time points were shown in Fig. 8. It was observed that the stagnant points 
seldom moved over 50 seconds of the high-speed imaging performed here. 

 

Figure 8. Time-resolved image analysis of the resilient bubbles. Median intensity plots of the blocked channels. The 
prevalence of gas bubbles and blockages at 1:60 flow ratios in 60° (A) and 90° (B) bifurcations. The bifurcation channels 
with 60° angles show gas emboli blocking at the junctions of the bifurcations, and 90° showing emboli in the channels. 
Yellow arrows indicate the position of the bubble stagnant over a period of time. The position of the bubble was 
predominant across each row of the images. 

3.3.3. Velocity, retention time and size of air bubbles in the network 
Apart from the qualitative image analysis provided by the density maps, a frame-by-

frame quantitative analysis was made. The properties of air bubbles and liquid slugs, i.e., 
area, retention time in the network, and velocity, were measured. The respective graphs 
Fig. 7B, 7C, and 7D, were plotted from a minimum of 20 different track measurements 
across different conditions, like bifurcation angles and liquid-to-air ratios. 

Velocity and retention time of air bubbles. Although velocity is dependent of the liquid-
to-air ratio, a higher velocity of air bubbles means an unhindered flow of total slugs. 
Conversely, lower velocities indicated higher retention times, increased pausing, and 
possibly increased chances of the occurrence of a gas embolism event. Among the tested 
networks, only the 30° bifurcation network presented the lowest flow velocity (Fig. 7B) 
suggesting an increase in the retention time inside the channels. Fig. 7D shows that with 
a 30° bifurcation, the retention time did not decrease by increasing the liquid-to-air ratio, 
but rather increased the flow resistance and thus the possibility of a gas embolism event. 

Size of air bubbles. An increase in the liquid-to-air ratio increased the sizes of air 
bubbles irrespective of the bifurcation angle since all the average bubble size data points 
overlapped within the S.D. variations (Fig. 7C). Thus, the bifurcation angle does not play 
a critical role in air bubble sizes.  

Impact of liquid-to-air flowrate ratio on bifurcation angles. Comparing the fluid flow 
characteristics on the smallest bifurcation angles, i.e., 30°, and low liquid-to-air ratios, i.e., 
less than 1:60, the total slug followed a single path in the network rather than distributing 
throughout the geometry. Conversely, at higher flowrate ratios, namely above 1:80, the 
fluid flow dominated the entire network with a mixture of liquid slugs and varying sizes 
of air bubbles. With increasing angular bifurcations, e.g., 60°, the peripheral channels 
presented higher liquid slugs and air bubble flows (Fig. 6 and Fig. 7). The median analysis 
also showed that two types of blockages in the junctions were expected depending on the 
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bifurcation angles. Overall, more acute angles of bifurcation presented an increasing 
probability of occurrence of gas embolism events.  

Bubble flow patterns and liquid slug paths. By analyzing the images collected at 100 fps 
for over 1 minute, approx. 6000 frames, and inspecting the movement pattern of the air 
bubbles and liquid slugs in the network, the following conclusions were made:  

1. The incoming bubbles from the inlets at any rate of liquid-to-air moved 
preferentially along the paths without bubble obstructions. As the air 
bubbles traversed the bifurcations and continuously entered the nodes 
without air bubbles, they eventually blocked all possible routes one after 
another, which led to blockage of partial regions in the network with no 
liquid flow (Supplementary Information, Movie SI2). This was observed 
across a large range of flow rates (1:10 to 1:100), for all bifurcation angles, but 
more often for 90° and 60° angles.  

2. Lower generations of the bifurcations in the honeycomb showed frequent 
blockages (Fig. 6 and Fig. 7). This is to be expected, as the air bubbles at the 
entry start to branch out, leading to air bubbles crowding in the second half 
of the network, thus leading to blockings across the lower half of the network 
with converging channels.  

3. The phenomena mentioned in points (i) and (ii) led to selective blocking of 
many nodes, similar to tissue ischemia and regional systemic gas embolism. 
At moderate flow rates, between 1:20 to 1:60, the blocking effect was 
prominent for 30° and 60° angles. The 90° bifurcations presented the most air 
bubble trapping followed by 60° bifurcations, based on the median analysis 
of the recorded micrographs (Fig. 7). This variation in blocking appears to be 
a function of liquid-to-air ratios and bifurcation angles.  

4. Monitoring the motion of air bubbles in honeycomb channels demonstrated 
that they move in the entirety of the network. The channels with air bubbles 
remained blocked for a while, until the pressure gradient of airflow increased 
sufficiently to displace them. This showed that the trapped bubbles, even if 
small, can block the flow in the downstream channels due to higher pressure 
drops compared with channels with only liquid slugs. 

 
Figure 7. Median intensity plots of the blocked channels and traffic patterns for three differently angled bifurcations. The 
physical parameters namely, velocity of the air bubbles (A), bubble size (B), and retention time (C) in the network are 
shown in the graphs. The prevalence of gas bubbles and blockages at 1:40 flow ratios in 60° and 90° bifurcations are 
striking. The bifurcation channels with 60° angles show gas emboli blocking selective regions in the network. Bubble 
blocking the channels is shown as dark regions. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 March 2022                   doi:10.20944/preprints202203.0193.v1

https://doi.org/10.20944/preprints202203.0193.v1


 15 of 19 
 

 

The architecture shown here is analogous to the branching of arterial vessels, which 
reaches the far end regions of the heart tissues.79 Further work will focus on narrowing 
widths for angled bifurcations, commonly observed in arterial blood vessels from the 
heart to the extremities of the body tissue.80 

3.4. Biomedical relevance of in vitro gas embolism 
The environment surrounding air bubbles has been widely studied recently, 

particularly the cell-concentration upstream and downstream of the bubble and the 
contributing factors leading to gas embolism. Even if this study focused on the physical 
parameters of air bubbles and liquid slugs inside channels, there are a number of 
medically relevant findings that can be categorized as follows: 

i. The arterial system presents blood vessels with decreasing diameters and a 
collective increase in cross-sectional area, which intensifies with further 
tapering down to capillaries while moving away from the heart. These 
channels are characterized by presenting the largest area and smallest 
diameters, narrowing towards the capillaries. This pattern is reversed for the 
venous system, with increasing diameters and decreasing cross sectional 
area. The pressure across the arterial system affects both positively and 
negatively the flow rates in the venous system and enables the diffusion of 
gases, nutrients, and metabolic products out of and into the blood. The focus 
of this work was on channels with smaller dimensions, i.e., less than 100 µm 
widths, to simulate the general arterial architecture, with working fluids of 
biologically relevant characteristics and flow rates.  

ii. Many blood vessels bifurcate in a Y-junction pattern. Still, important T-
junction exceptions occur, such as coronary arteries and Adamkiewicz’s 
arteries, an important supply artery to the spinal cord, which takes a “hairpin 
turn”.81, 82 The central nervous system presents critical watershed areas with 
little collateral blood supplies. This study is relevant for this type of areas 
where the study of gas embolism is experimentally difficult and untenable 
due to its life-threatening aspect. Additionally, the possibility of laminar flow 
increases the chances of iatrogenic air injection into the vessels leading to 
rapid systemic embolism. The location of bubbles studied using the 
honeycombed device provided clues regarding the propensity of gas 
embolism in arterial-like bifurcation geometries.  

iii. The impact of gas embolism may be influenced by blood viscosity,46, 83 high 
or low blood pressures, obesity, lipid and cholesterol levels, and medications 
such as anticoagulants (“blood thinners” like warfarin and aspirin).84 
Hematocrit percentages vary largely among men and women by 42.4%±2.9% 
and 47.2%±2.4%, respectively.85 It is generally lower than 42% for anemic 
individuals, although the percentages may be even lower depending on age 
and medical conditions. Furthermore, hematocrit concentrations can also 
vary between the upper and lower body by values of 40%±0.8% and 
38.5%±0.8%, respectively. Thus, the three different working fluids studied 
here (equivalent of 0%, 20% and 46% hematocrit concentrations) are also 
relevant to biological conditions. For instance, the equivalent concentration 
of 20% hematocrit for low blood viscosity individuals under anticoagulants 
and blood thinners, an equivalent concentration of 46% for normal 
hematocrit concentrations present in humans,86 and an equivalent 
concentration of 0% hematocrit when using analogous to water-type 
solutions used to irrigate internal organs when concluding a surgery. 
Additionally, blood components like albumin can contribute to cell-free 
blood which shares commonality with waterlike viscosity properties. 
Overall, the physical measurements of liquid slug behaviour presented here 
for different equivalent concentrations of hematocrit, including water as 
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reference liquid, can be related with iatrogenic or occupationally associated 
factors with higher risk of a gas embolism occurrence. 

To recapitulate these findings and the results of previously published studies, Table 
1 summarises the in vitro studies performed in close relevance to gas embolism using a 
microfluidic setup mimicking blood vessel architecture. 

Table 1. Relationship between the microfluidic chip design and fluid properties on gas embolism-relevant outcomes. 

Chip design 
(width, µm) 

Hematocrit 
concentration 

(%) 

Liquid 
flowrate 
[µl h-1] 

Air pressure 
[mbar]  Gas embolism-relevant outcome Medical relevance Source 

T
-J

un
ct

io
ns

 

20 

Synthetic fluid 
equivalent to 0, 

20 and 46% 
hematocrit 

12 240-1440 µl h-1 
(1084 mBar*) 

Smaller channels (20 µm) presented a higher 
air bubble resistance at higher equivalent 

concentrations of hematocrit. 
Wide fluctuations in the size of liquid slugs 

suggested an elevated risk of unpredictable gas 
embolism events. 

Channel dimensions, 
viscosity, and liquid 

flow rates similar to the 
vascular system. 

This 
Study 40 42 252-5040 µl h-1 

(1084 mBar*) 
The size and frequency of liquid slugs were 

stabilized with higher viscosities.  

60 90 900-10800 µl h-

1 (1084 mBar*) 

A stratified flow pattern was observed as a 
function of hematocrit concentration.  

Lower equivalent concentration of hematocrit 
increased the incidence of stratified flow. 

100 5, 10 600 210 mBar Local concentration of cells was affected by 
the passage of air bubbles. 

RBC. mass transfer 
around the exogenous 

bubbles. 
55 

350 

10 240 25 mBar 

Upstream of the bubble had high cell 
concentration. 

Spatial-temporal variations in cell-free layers 
and cell concentration due to the bubbles in the 

channels. 

The genesis of clotting 
around the bubbles.  

56 600 

100 - - 200 to 800 
mBar 

A microfluidic study to understand the cellular 
response to bubbles in a microchannel.  

Calcium response of 
endothelial cells to air 

bubbles.  
72 

 200 45* 1008* 100 mBar Flow-field hypothesis and dynamics around 
the exogenous bubbles in the channels. 

Study of coagulation 
events leading to the 
onset of embolism 

incidence. 

48 

Y
-J

un
ct

io
ns

 20 Synthetic fluid 
equivalent to 0, 

20 and 46% 
hematocrit 

 
 
 

12 120-2400 µl h-1 
(1084 mBar*) 

Viscosity increased the frequency of liquid 
slug and gas bubble alternating flow. 

Y-junction is the least 
studied but most 
abundantly found 

junction in animals. 

This 
Study 

40 42 420-6300 µl h-1 
(1084 mBar*) 

The size of liquid slugs decreased with 
increasing viscosity.  

The size of liquid slugs became stabilized.  

60 90 45-13500 µl h-1 
(1084 mBar*) 

The stratified flow was common, irrespective 
of the channel width, viscosity, or liquid-to-air 

ratio. 

H
on

ey
co

m
bs

 

30°  
 

Synthetic fluid 
equivalent to 

46% hematocrit 
 

12 240-1440 µl h-1 

(1084 mBar) 
A lower bifurcation angle (30°) presented a 

higher possibility of bubble trapping. 
Bifurcation angle is 
critical for bubble 

displacement.  
Bifurcation angles are 

relevant to the 
likelihood of the 

occurrence of a gas 
embolism event.  

This 
Study 

60° 42 240-1440 µl h-1 

(1084 mBar) 
Presented the highest gas embolism 

occurrence.  

90° 90 240-1440 µl h-1 

(1084 mBar) 

The flows of liquid slugs and air bubbles were 
evenly distributed over the bifurcation 

network—a lower chance of gas embolism. 

74° 5, 10 600 210 mBar Asymmetric splitting of air bubbles leading to 
an uneven distribution of RBC.s in channels 

Arterial type of 
bifurcated architecture. 

55 

90° 45* 1008* 100 The monitoring of bubble displacement in the 
honeycomb shaped bifurcation geometry. 

In vitro and in vivo 
models to study bubble 

displacement in 
bifurcation channels. 

48 

** This table summarises the studies performed in close relevance to gas embolism in blood vessels using a 
microfluidic setup.  
*Calculated based on the reported data. 
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4. Conclusions 
Air bubble dynamics and liquid slug flows depending on geometrical variations and 

operational parameters were monitored in both simple linear channels and complex 
honeycomb structures. Air bubble dynamics, such as size variation, indicated the 
competition between surface forces at the interphase of the liquid slug and the elongated 
air bubbles. The present work analysed smaller channel widths and liquid flowrates 
relevant to actual physiological conditions, as well as using fluids close to real blood 
viscosities derived from different hematocrit concentrations. Microvascular tissue-like 
structures using microfluidic networks with T- and Y-junctions and honeycombed 
networks were used due to their biological relevance. This study revealed important 
findings on the effect of viscosity, channel widths and equivalent concentrations of 
hematocrit on air bubble and liquid slug sizes and velocities to further simulate and 
understand gas embolism occurrences. Research on transport phenomena, gas embolism 
in microvasculature with smaller widths and more complex bifurcations with real blood 
and other conditions such as clot formation can become relevant subjects of future studies. 
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