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Abstract: Air inside of blood vessels is a phenomenon known as gas embolism. During the past 

years, studies have been performed to assess the influence of air bubbles in microcirculation. In this 

study, we investigated the flow of bubbles in a microchannel network with several bifurcations, 

mimicking part of a capillary system. Thus, two working fluids were used, composed by sheep red 

blood cells (RBCs) suspended in a Dextran 40 solution with different hematocrits (5% and 10%). The 

experiments were carried out in a polydimethylsiloxane (PDMS) microchannel network fabricated 

by a soft lithography. A high-speed video microscopy system was used to obtain the results for a 

blood flow rate of 10 µL/min. This system enables the visualization of bubble formation and flow 

along the network. The results showed that the passage of air bubbles strongly influences the cell’s 

local concentration, since a higher concentration of cells was observed upstream of the bubble, 

whereas a lower local hematocrit was visualized at the region downstream of the bubble. In 

bifurcations, bubbles may split asymmetrically, leading to an uneven distribution of RBCs between 

the outflow branches. 

Keywords: blood flow; gas embolism; microcirculation; bifurcations; network 

 

1. Introduction 

Gas bubbles flowing in the bloodstream can be a dangerous and uncontrolled occurrence or a 

useful and controlled therapeutic procedure. Gas bubbles can be formed when a patient is subjected 

to abrupt pressure changes (e.g., scuba diving [1], space operations [2], and high altitude flight [3] 

incidents), or due to pathologic conditions (e.g., heart valves damage [4,5]). On the other hand, air 

can be injected, accidentally or deliberately, in a patient during medical procedures (e.g., surgeries 

[6,7], hemodialysis [8], and embolotherapy [9]). If uncontrolled, the bubbles can limit the oxygen 

supply, which can lead to tissue damage, disability, or even death [10]. Nevertheless, bubbles can 

also be used for medical diagnosis and treatments. One example is the use of bubbles as probes for 

image contrast enhancement at clinically relevant ultrasound frequencies [11]. Another therapeutic 

strategy is the occlusion of vessels in tumorous tissues, limiting the blood supply and inducing tumor 

necrosis [12]. Microbubbles also have the potential to be used as drug carriers [13]. Consequently, it 

is important to study in detail the mechanisms involved on the formation of bubbles, as well as 

bubbles behavior on the blood vessels and how they influence the blood flow [14]. It is known that 
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the size, composition, and shape of the bubbles will influence their behavior [14] since they flow as 

tubular bubbles in small vessels [9,15]. Larger bubbles tend to be entrapped in microcirculation [12], 

while smaller bubbles can be dissolved in blood or be lodged on bifurcations or in small branches [9]. 

The lodging and adhesion of bubbles is also greater on regions with blood flow disturbances such as 

bifurcations [16,17]. 

In microchannels and microvessels, the blood stream tends to form cell free layers (CFL) [18–

20]. The CFL plays an important role in balancing nitric oxide (NO) production by the endothelium 

and NO scavenging by red blood cells (RBCs) [21]. The RBC’s concentration, i.e., the hematocrit (Htc), 

can influence the CFL and the formation of RBC aggregates. An increase in the Htc leads to a 

reduction of the CFL [18] and high Htc and low flow rates lead to larger aggregates [22]. On the other 

hand, microbubbles promote the formation of a CFL around it [23]. Consequently, it is possible that 

bubbles present in microcirculation have an influence on physiological process such as oxygen 

supply to the tissues and NO scavenging by RBCs [21]. 

Several pathological conditions, including arterial hypertension, ischemia, inflammation, and 

diabetes, can be detected and monitored by analyzing the blood and blood cells of the patient [24]. 

Hence, microfluidic devices are important assets for those analyses due to the precise spatio-temporal 

control and their small dimensions [25]. Those devices depend on the precise control and 

manipulation of the working fluid that is being tested. However, a major problem of these devices is 

the high tendency for clogging, jamming, and possible blockage due to bubbles and cell entrapment 

[26,27]. 

When flowing in microchannels, the bubbles promote long vortices [28,29] downstream and 

upstream. These vortices can be observed when the streamlines are represented in the bubble 

reference frame. In vitro studies have shown that the vortices lead to intricate variations, both spatial 

and temporal, of the distribution of the RBCs throughout the vessels, affecting the local rheology and 

transport processes [21]. In another study, it was shown that microbubbles induce non-uniform cell 

concentration in biomedical microdevices [23]. In these previous works [21,23], the bubbles moved 

in co-current with the blood stream along simple straight microchannels. However, the geometries 

more commonly found in microcirculation are complex networks composed by several bifurcations, 

and the effect of bubbles in RBC distribution in networks is still lacking. These studies could 

contribute to understand how bubbles can block capillary networks or lead to a non-uniform 

distribution of cells, a process that may lead to ischemia. 

In this work, a microchannel network comprising three branch levels is used to mimic a region 

of the capillary system. Microbubbles are injected in the in vitro blood stream flowing through the 

network. The flow of the bubbles in co-current with blood is visualized through a microscope and 

recorded through a high-speed camera. The effect of bubbles in the RBC distribution is analyzed at 

several positions of the microchannel network. 

2. Materials and Methods  

2.1. Working Fluids and Network Geometry  

Two working fluids with Dextran 40 (Dx 40), containing about 5% and 10% of ovine RBCs, were 

prepared. The blood was collected from a healthy sheep using a tube containing 

ethylenediaminetetraacetic acid (EDTA) to prevent coagulation (According to the ethics committee 

of "Unidade Local de Saude do Nordeste", (ULSNE 2014-02-07), all experiments were conducted after 

ensuring that the in vitro blood experimental protocols were appropriate and in compliance with the 

EU directives 2004/23/CE, 2006/17/CE and 2006/86/CE.). Compared to humans’ RBCs, sheeps’ RBCs 

have a similar biconcave shape but they are smaller with an average major diameter of about 5 µm 

[30]. The RBCs were separated from the blood by centrifugation and washed twice with a 

physiological saline solution. More details can be found in previous works [13,15]. The geometry 

used in this work (Figure 1) comprises an inlet for air and another for the working fluid, a flow 

focusing region for bubble formation, a network of successive bifurcations, and an outlet. The depth 

of the microchannels is 50 µm. This geometry was used to manufacture the microfluidic device in 
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PDMS through conventional soft-lithography [31] from SU-8 molds [32–34] (Microliquid, 

Mondragon Spain). 

 

Figure 1. Schematic diagram of the microfluidic system and main dimensions of the network micro-

channel used in this study: B1 is the first level bifurcation and B2 and B3 are second level bifurcations. 

Several studies [35,36] indicate that Dextran influences or induces the aggregation of RBCs and, 

consequently, influences the blood rheological properties. However, the Dextran used in those works 

was a high molecular weight polymer, such as Dextran 500 [35] or Dextran 2000 [36]. In our work, 

we used a Dextran 40, a lower molecular weight polymer that avoids not only the aggregation and 

jamming of the RBCs within the microchannels but also their sedimentation [37,38]. 

2.2. Experimental Set-Up 

The experimental set up comprises an inverted microscope (IX71, Olympus, Tokyo, Japan) 

combined with a high-speed camera (Fastcam SA3, Photron, San Diego, CA, USA) (see Figure 2). The 

PDMS microchannel was placed on the stage of the inverted microscope, and a syringe pump (PHD 

ULTRA, Harvard Apparatus, Holliston, MA, USA) was used to control the flow rate of the in vitro 

blood. In this study, the flow rate was set to 10 µL/min. Additionally, the air pressure was controlled 

by an air pump (Eleveflow PG1113, Fluigent, Paris, France). By using this latter pump, air droplets 

were injected into the microfluidic device in a well-controlled way. The air pump imposed a pressure 

of 210 mbar, the minimum pressure required to inject a bubble in the microfluidic device for the flow 

rate selected. 

In order to characterize the flow conditions in the network, the following variables were 

estimated: average fluid velocity and wall shear rate. The average fluid velocity, v, is given by: 

� =
�

�
 (1) 

where A is the cross-section area and Q is the flow rate. The wall shear rate, SR, was estimated by: 

� =
�

�
 (2) 

where L is the minimum dimension between the walls of the microchannel.  

The fluid velocity and the wall shear rate are constant throughout the network and equal, 

respectively, to 0.033 m/s and 666.7 s−1. Hence, the flow conditions used in our network are similar to 

the conditions in microcirculation observed in vivo [39–41]. Typical average shear rate values 

observed in vivo in microcirculation can vary from 200 s−1 up to 2000 s−1.  
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Figure 2. Schematic diagram of the experimental set-up used in this study. 

2.3. Image Processing 

The images were obtained at the midplane of the microchannel with a frame rate of 2000 

frames/second. After selecting a region of interest (ROI), the average tonality of the pixels in the ROI 

through time was determined using the Plot z-axis profile tool of the ImageJ software (V: 1.52a, 

National Institute of Health, Bethesda, MD, USA). The tonality plots (tonality versus time) were used 

to assess the effect of the air bubble on the local Hct. 

3. Results and Discussion 

The bubbles are formed at the flow focusing region located at the inlet of the first channel of the 

network. The formation of a bubble can be observed in Figure 3. Figure 3a shows the bubble before 

detachment whereas Figure 3b) shows the bubble after detachment. A CFL is clearly observed not 

only around the walls of the microchannel but also in middle of the channel due to the bubble 

formation, as can be seen in Figure 4. These results corroborate our previous findings performed in a 

simple geometry [13]. 

 

Figure 3. Sequential images of the formation of an air bubble: (a) bubble before detachment and (b) 

bubble after detachment (see Supplementary Video 1). 

Flow 

Flow 



Micromachines 2020, 11, 344 5 of 12 

 

 

Figure 4. The different cell free layer (CFL) around the walls of the microchannel and in the middle 

of the channel by the processing image (a) MtrackJ and (b) Zproject by the ImageJ software. 

One of the oldest and most interesting hemodynamic phenomenon was reported by Fahraeus 

and Lindqvist who observed that for narrow tubes (<300 µm) both hematocrit (Hct) and apparent 

viscosity of blood declines with decreasing diameter [42,43]. The physical reason behind this 

phenomenon is the tendency of RBCs to migrate toward the centre of the microtube, resulting in a 

marginal CFL at regions adjacent to the wall. In the present study, a CFL was clearly observed around 

the walls when there was no bubble within the microchannel. However, it was interesting to notice 

that this CFL disappears when the bubble passes through the flowing blood. Viewing Figure 5 allows 

for understanding of the Fahraeus and Lindqvist phenomenon, through the behavior of CFL 

thickness over time. 

 

Figure 5. CFL thickness over time in the top wall of the channel. 

As is possible to see in Figure 5, due to the presence of the air bubble and the Hct behind the 

bubble, there is no CFL (point A in Figure 5) in the wall of the channel. When the bubble passes, there 

is a gradual formation of the CFL over time, until it stabilizes (point B in Figure 5). In addition, the 

approach of the air bubble causes a reduction in the Hct within the microchannel, which promotes a 

slight increase of the CFL thickness (point D in Figure 5). 
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In the present study, we have performed flow measurements in more complex geometries 

having microchannel networks. In this way, the flow visualizations were performed along the 

microchannel network and all the videos were carefully examined. Overall, it was noted that air 

bubbles clearly influence the local Hct located downstream and upstream of them. Figure 6 shows 

this phenomenon at two different instants. 

The tonality is not only related to Hct inlet concentration but also to bubble presence in the ROI. 

In general, for a Hct at an inlet of 10%, the average pixel intensity is constant when the bubble is far 

from the ROI, corresponding to the undisturbed average Hct. When the intensity reaches a peak, 

(point A of Figure 7) it means that a bubble is approaching, and it indicates a decrease of the average 

Hct at the ROI. When the air bubble passes through the ROI, the tonality decreases drastically (point 

B of Figure 7). After the bubble passage, the tonality tends to increase (point C of Figure 7) until it 

stabilizes and returns to the values initially reported. Thus, these results show that just after the air 

bubble passes through the ROI, there is an increase of the local Hct, which tends to decrease until it 

stabilizes and returns to its initial values. In addition, these results clearly show that the bubble affects 

the amount of cells flowing at its downstream region and, consequently, is likely to have a strong 

impact on blood mass transport mechanisms happening in microcirculation. 

By applying the plot Z-axis profile function, the effect of the bubble was investigated at different 

locations of a microchannel network and for two different Hct, i.e., 5% and 10% Hct. From Figure 8 

it is possible to observe the influence of the air bubbles on the local Hct for both RBC concentrations 

at the first bifurcation of the microchannel network. These measurements show clearly that the local 

Hct is higher upstream and lower downstream of the bubble. This difference was more evident for 

10% Hct than for 5% Hct. Hence, the effect of the air bubbles on the blood flow behavior and local 

Hct tends to increase with the Hct. Additionally, these results show that the distribution of Hct 

downstream of the bifurcation is asymmetric. At the bottom channel of the bifurcation, the tonality 

is higher than that of the top channel, i.e., the local Hct in that bottom channel is lower than the Hct 

at the top channel. This unbalance in Hct is likely to be due to asymmetric bubble splitting at the apex 

of the bifurcation. 

 

Figure 6. Influence of air bubbles on the local hematocrit (Hct) for a flow rate of 10 µL/min and 10% 

Hct at the first bifurcation (B1) (see Supplementary Video 2). 

Flow 
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Figure 7. Application of the plot Z-axis profile function at the selected region of interest (ROI), for a 

Hct of 10% and at the first bifurcation (B1). 

 

Figure 8. Influence of air bubbles on the local Hct for a flow rate of 10 µL/min for 5% Hct and 10% 

Hct at the first bifurcation (B1). 

Figure 9 shows the effect of the air bubbles on the local Hct at the bifurcation B2 of the 

microchannel network. The flow phenomena are similar to the previously observed first bifurcation 

(B1). The local Hct is affected by the air bubbles and the effect increases with the Hct. Once again, it 

was found an asymmetric distribution of the Hct due to the asymmetric bubble splitting at the 

bifurcation apex. 

Finally, Figure 10 shows the results obtained in the bifurcation B3. Again, at this bifurcation, the 

qualitative results and conclusions were similar to the ones obtained for the other bifurcations. 

However, at the outlet branches downstream to bifurcations B2 and B3, the tonality of the 10% Hct is 

higher than in the branches upstream to those bifurcations. The tonality is, in some parts of the 

outflow branches, almost coincident with the tonality obtained with 5% Hct. This phenomenon could 
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be due to the reduction of the width of the microchannel, and consequently to the Faharaeus effect 

and Faharaeus–Lindqvist effect. 

 

Figure 9. Influence of air bubbles on the local Hct for a flow rate of 10 µL/min for 5% Hct and 10% 

Hct in bifurcation B2. 

 

Figure 10. Influence of air bubbles on the local Hct for a flow rate of 10 µL/min for 5% Hct and 10% 

Hct at bifurcation B3. 

In order to understand whether the dimensions of the bubble would influence the local Hct, the 

dimensions of the bubble were measured and correlated with the intensity of pixels after the bubbles 

have passed through the ROI. Figure 11 shows the intensity of pixels after bubbles and Figure 12 is 

the results of the dimensions of the bubble. 
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Figure 11. Tonality for (a) case 1, 5% Hct, and (b) case 2, 10% Hct. 

Through the results present in Figure 11, it is possible to verify that case 1 presents a higher 

tonality than case 2. These results show that in case 1, with a feed Hct of 5%, there is a lower 

concentration of RBCs than in case 2, with a feed Hct of 10%. 

The fact that, in all the bifurcations, the branches have a lower tonality than the inlet does not 

mean that there is an increase in the Hct in that region. In contrast, it means that, after air bubble 

collides with the bifurcation apex and divides, there is an accumulation of RBCs behind the bubble. 

Due to the fact that the division of the bubbles is asymmetrical, i.e., they do not present the same 

dimensions after the division; it also means that there is no symmetrical distribution of the RBCs by 

the branches of the bifurcation. This explains the difference of tonality between the branches. 

Knowing that the B2 inlet is the top channel of B1 and the B3 inlet is the bottom channel of B1, 

as can be seen in Figure 1, it appears that there is an increase in the tonality in these channels. This 

happens because as the bubbles advance along the channel, the Hct existing behind them tend to 

stabilize. 

 

Figure 12. Bubble size for (a) case 1, 5% Hct, and (b) case 2, 10% Hct. 

Through the results present in Figure 12, it appears that there is no direct relationship between 

bubble size and the concentration of RBCs behind the air bubbles. 

4. Limitations and Future Perspectives 

In this study, it was shown that the bubble clearly disturbs the local Hct in the vicinities of the 

bubbles, and as a consequence the blood flow in microcirculation. However, in this study it was not 

possible to quantify in an accurate way the variations of the local Hct that was clearly observed from 

our experimental visualizations (see Supplementary Video 2). It is well known that by using a 

conventional microscopy system, the entire volume of the blood flow is illuminated, which leads to 

high measurement error due to the detection not only from the out of focus emitted light, but also 
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the light from the focal plane of interest. Hence, in order to quantify the local Hct in a reliable way, it 

is recommended to use a confocal microscopy system [44–46]. Another possible alternative is by 

using an optical absorption spectrophotometric method. Recently, Faustino et al. [47] have performed 

a study with this technique and they were able to detect differences between blood samples with 

different concentrations. We believe that this optical method will be an excellent reliable approach to 

measure the local Hct in microfluidic devices. 

In the experiments recorded throughout this work, the bubble breaks up at the apex of the 

bifurcation. In some of the break-up events, asymmetries are clearly observed. These asymmetries 

result from small differences in the downstream flow, due to geometrical imperfections or to the 

presence of bubbles in the downstream channels. It is known from literature [48] that when the 

geometrical or flow asymmetries are larger, bubble break-up is even more asymmetric, and in some 

cases, the bubble may flow unsplit to the channel with the higher flow rate. Future experiments in 

networks comprised of asymmetric bifurcations, with asymmetric flow distribution, will probably 

reveal a more complex scenario than the one observed in the present work, as a more pronounced 

bubble splitting will lead to a more pronounced asymmetric distribution of RBCs. 

5. Conclusions 

The objective of this work was to investigate the influence of air bubbles in the local Hct when 

flowing through a microchannel network comprised by successive bifurcations. The results obtained 

demonstrated that air bubbles flowing in the microchannel strongly affect the local Hct at the region 

ahead and behind them. When a bubble flows, the local Hct decreases at its downstream region and 

increases at its upstream region. After a certain time, the Hct tends to decrease until it reaches a steady 

Hct, i.e., without the effect of any bubble. These results indicate that bubbles flowing in microvessels 

or microchannels clearly affect the amount of cells flowing at its downstream region. Consequently, 

it is likely that they have a strong impact on the blood mass transport mechanisms happening in 

microcirculation and biomedical microdevices. 

From this work it is also possible to conclude that the bifurcation, most of the time, produces air 

bubbles with different sizes and, as a consequence, tends to promote asymmetric Hcts along the 

subsequent branches of a microchannel network. Due to the effect of bubbles in the Hct, bubble 

splitting at bifurcations has direct implications on RBCs distribution between branches and may have 

important consequences to the development of ischemia due to gas embolisms. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Video S1: 

Sup_Video_1, Video S2: Sup_Video_2.  

Author Contributions:  Conceptualization, J.M.M. and R.L.; Methodology, D.B. and S.L.; J.M.M. and R.L. 

Validation, R.L. and J.M.M.; Investigation, D.B. and S.L.; Data Analysis, D.B. and S.L.; Writing—Original Draft 

Preparation, D.B. and I.M.; Writing—Review & Editing, D.B. and I.M., R.L., J.M.M.; Supervision, J.M.M. and R.L. 

All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by Portuguese national funds of FCT/MCTES (PIDDAC) through the base 

funding from the following research units: UIDB/00532/2020 (Transport Phenomena Research Center—CEFT). 

UIDB/04077/2020 (Research Center (Mechanical Engineering and Resource Sustainability Center—MEtRICs). 

The authors are also grateful for the partial funding of FCT through the projects PTDC/SAU-ENB/116929/2010, 

POCI-01-0145-FEDER-016861 (ref: PTDC/QEQ-FTT/4287/2014), NORTE-01-0145-FEDER-029394 and NORTE-

01-0145-FEDER-030171 funded by COMPETE2020, NORTE2020. PORTUGAL2020 and FEDER. D. Bento 

acknowledges the PhD scholarship SFRH/BD/91192/2012 granted by FCT. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Reference 

1. Papadopoulou, V.; Eckerley, R.J.; Balestra, C.; Karapantsios, T.D.; Tang, M.-X. A critical review of 

physiological bubble formation in hyperbaric decompression. Adv. Coll. Interface Sci. 2013, 191, 22–30. 



Micromachines 2020, 11, 344 11 of 12 

 

2. Karlsson, L.L.; Blogg, S.L.; Lindholm, P.; Gennser, M.; Hemmingsson, T.; Linnarsson D. Venous gas emboli 

and exhaled nitric oxide with simulated and actual extravehicular activity. Respir. Physiol. Neurobiol. 2009, 

169, S59–S62. 

3. Foster, P.P.; Butler, B.D. Decompression to altitude: Assumptions, experimental evidence, and future 

directions. J. Appl. Physiol. 2009, 106, 678–690. 

4. Deklunder, G.; Roussel, M.; Lecroart J.-L.; Prat, A.; Gautier, C. Microemboli in cerebral circulation and 

alteration of cognitive abilities in patients with mechanical prosthetic heart valves. Stroke 1998, 29, 1821–

1826. 

5. Milo, S.; Rambod, E.; Gutfinger, C.; Gharib, M. Mitral mechanical heart valves: In vitro studies of their 

closure, vortex and microbubble formation with possible medical implications. Eur. J. Cardiothorac. Surg. 

2003, 24, 364–370. 

6. Borger, M.A.; Peniston, C.M.; Weisel, R.D.; Vasiliou, M.; Green, R.E.; Feidel, C.M. Neuropsychologic 

impairment after coronary bypass surgery: Effect of gaseous microemboli during perfusionist 

interventions. J. Thorac. Cardiovasc. Surg. 2001, 121, 743–749. 

7. Abu-Omar, Y.; Balacumaraswami, L.; Pigott, D.W.; Mathews, P.M.; Taggart, D.P. Solid and gaseous 

cerebral microembolization during off-pump, on-pump, and open cardiac surgery procedures. J. Thorac. 

Cardiovasc. Surg. 2004, 127, 1759–1765. 

8. Bischel, M.D.; Scoles, B.G.; Mohler, J.G. Evidence for pulmonary microembolization during hemodialysis. 

Chest 1975, 67, 335–337. 

9. Samuel, S.; Duprey, A.; Fabiili, M.L.; Bull, J.L.; Fowlkes, J.B. In vivo microscopy of targeted vessel occlusion 

employing acoustic droplet vaporization. Microcirculation 2012, 19, 501–509. 

10. Muth, C.M.; Shank, E.S. Gas embolism. N. Engl. J. Med. 2000, 342, 476–482. 

11. Chou, W.-L.; Lee, P.-Y.; Yang, C.-L.; Huang, W.-Y.; Lin, Y.-S. Recent advances in applications of droplet 

microfluidics. Micromachines 2015, 6, 1249–1271. 

12. Eshpuniyani, B.; Fowlkes, J.B.; Bull, J.L. A boundary element model of microbubble sticking and sliding in 

the microcirculation. Int. J. Heat Mass Transf. 2008, 51, 5700–5711. 

13. Bull, J.L. The application of microbubbles for targeted drug delivery. Expert Opin. Drug Deliv. 2007, 4, 475–

493. 

14. Papadopoulou, V.; Tang, M.-X.; Balestra, C.; Eckersley, R.J.; Karapantsios, T.D. Circulatory bubble 

dynamics: From physical to biological aspects. Adv. Coll. Interface Sci. 2014, 206, 239–249. 

15. Branger, A.B.; Eckmann, D.M. Accelerated arteriolar gas embolism reabsorption by an exogenous 

surfactant. Anesthesiology: J. Am. Soc. Anesthesiol. 2002, 96, 971–979. 

16. Marshall, I.; Zhao, S.; Papathanasopoulou, P.; Hoskins, P.; Xu, X.Y. MRI and CFD studies of pulsatile flow 

in healthy and stenosed carotid bifurcation models. J. Biomechan. 2004, 37, 679–687. 

17. Prabhakarpandian, B.; Wan, Y.; Rea-Ramsey, A.; Sundaram, S.; Kiani, M.F.; Pant, K. Bifurcations: Focal 

points of particle adhesion in microvascular networks. Microcirculation 2011, 18, 380–389. 

18. Bento, D.; Fernandes, C.; Miranda, J.M.; Lima, R. In vitro blood flow visualizations and cell-free layer (CFL) 

measurements in a microchannel network. Exp. Therm. Fluid Sci. 2019, 109, 109847. 

19. Rodrigues, R.O.; Lopes, R.; Pinho, D.; Pereira, A.I.; Garcia, V.; Gassmann, S.; Sousa, P.C.; Lima, R. In Vitro 

Blood flow and cell-free layer in hyperbolic microchannels: Visualizations and measurements. BioChip J. 

2016, 10, 9–15. 

20. Fujiwara, H.; Ishikawa, T.; Lima, R.; Matsuki, N.; Imai, Y.; Kaji, H.; Nishizawa, M.; Yamaguchi, T. Red blood 

cell motions in high-hematocrit blood flowing through a stenosed microchannel. J. Biomech. 2009, 42, 838–

843. 

21. Bento, D.; Sousa, L.; Yaginuma, T.; Garcia, V.; Lima, R.; Miranda, J.M. Microbubble moving in blood flow 

in microchannels: Effect on the cell-free layer and cell local concentration. Biomed Microdevices 2017, 19, 6. 

22. Bento, D.; Pereira, A.I.; Lima, J.; Miranda, J.M.; Lima, R. Cell-free layer measurements of in vitro blood flow 

in a microfluidic network: An automatic and manual approach. Comput. Methods Biomech. Biomed. Eng. 

Imaging Vis. 2018, 6, 629–637. 

23. Bento, D.; Rodrigues, R.O.; Faustino, V.; Pinho, D.; Fernandes, C.S.; Pereira, A.I.; Garcia, V.; Miranda, J.M.; 

Lima, R. Deformation of red blood cells, air bubbles, and droplets in microfluidic devices: Flow 

visualizations and measurements. Micromachines 2018, 9, 151. 

24. Catarino, S.O.; Rodrigues, R.O.; Pinho, D.; Miranda, J.M.; Minas, G.; Lima, R. Blood cells separation and 

sorting techniques of passive microfluidic devices: From fabrication to applications. Micromachines 2019, 

10, 593. 

25. Shields, C.W., IV; Reyes, C.D.; López, G.P. Microfluidic cell sorting: A review of the advances in the 

separation of cells from debulking to rare cell isolation. Lab A Chip 2015, 15, 1230–1249. 



Micromachines 2020, 11, 344 12 of 12 

 

26. Leble, V.; Lima, R.; Dias, R.; Fernandes, C.; Ishikawa, T.; Imai, Y.; Yamaguchi, T.; Asymmetry of red blood 

cell motions in a microchannel with a diverging and converging bifurcation. Biomicrofluidics 2011, 5, 44120–

4412015. 

27. Zhang, J.; Yan, S.; Yuan, D.; Alici, G.; Nguyen, N.-T.; Warkiani, M.E.; Li, W. Fundamentals and applications 

of inertial microfluidics: A review. Lab A Chip 2016, 16, 10–34. 

28. Rocha, L.A.; Miranda, J.M.; Campos, J.B. Wide range simulation study of taylor bubbles in circular milli 

and microchannels. Micromachines 2017, 8, 154. 

29. Moreira, A.I.; Rocha, L.A.M.; Carneiro, J.; Araújo, J.D.P.; Campos, J.B.L.M.; Miranda, J.M. Isolated taylor 

bubbles in co-current with shear thinning cmc solutions in microchannels—A numerical study. Processes 

2020, 8, 242. 

30. Calejo, J.; Pinho, D.; Galindo-Rosales, F.J.; Lima, R.; Campo-Deaño, L. Particulate blood analogues 

reproducing the erythrocytes cell-free layer in a microfluidic device containing a hyperbolic contraction. 

Micromachines 2016, 7, 4. 

31. Friend, J.; Yeo, L. Fabrication of microfluidic devices using polydimethylsiloxane. Biomicrofluidics 2010, 4, 

026502. 

32. del Campo, A.; Greiner, C. SU-8: A photoresist for high-aspect-ratio and 3D submicron lithography. J. 

Micromech. Microeng. 2007, 17, R81. 

33. Lorenz, H.; Despont, M.; Fahrni, N.; laBianca, N.; Renaud, P.; Vettiger, P. SU-8: A low-cost negative resist 

for MEMS. J. Micromech. Microeng. 1997, 7, 121. 

34. Natarajan, S.; Chang-Yen, D.; Gale, B. Large-area, high-aspect-ratio SU-8 molds for the fabrication of PDMS 

microfluidic devices. J. Micromech. Microeng. 2008, 18, 045021. 

35. Ong, P.K.; Jain, S. Namgung, B.; Woo, Y.I.; Kin, S. Cell-free layer formation in small arterioles at 

pathological levels of erythrocyte aggregation. Microcirculation 2011, 18, 541–551. 

36. Sherwood, J.M.; Kaliviotis, E.; Dusting, J.; Balabani, S.; Hematocrit, viscosity and velocity distributions of 

aggregating and non-aggregating blood in a bifurcating microchannel. Biomech. Model. Mechanobiol. 2014, 

13, 259–273. 

37. Rodrigues, R.O.; Pinho, D.; Faustino, V.; Lima, R. A simple microfluidic device for the deformability 

assessment of blood cells in a continuous flow. Biomed Microdevices 2015, 17, 108. 

38. Rodrigues, R.O.; Bañobre-López, M.; Gallo, J.; Tavares, P.B.; Silva, A.M.; Lima, R.; Gomes, H.T. 

Haemocompatibility of iron oxide nanoparticles synthesized for theranostic applications: A high-

sensitivity microfluidic tool. J. Nanopart. Res. 2016, 18, 194. 

39. Lipowsky, H.H. Microvascular rheology and hemodynamics. Microcirculation 2005, 12, 5–15. 

40. Papaioannou, T.G.; Stefanadis, C. Vascular wall shear stress: Basic principles and methods. Hell. J. Cardiol. 

2005, 46, 9–15. 

41. Popel, A.S.; Johnson, P.C. Microcirculation and hemorheology. Annu. Rev. Fluid Mech. 2005, 37, 43–69. 

42. Goldsmith, H.; Cokelet, G.; Gaehtgens, P. Robin Fahraeus: Evolution of his concepts in cardiovascular 

physiology. Am. J. Physiol. 1989, 257, H1005–H10015. 

43. Pries, A.; Neuhaus, D.; Gaehtgens, P. Blood viscosity in tube flow: Dependence on diameter and hematocrit. 

Am. J. Physiol. 1992, 263, H1770–H1778. 

44. Lima, R.; Wada, S.; Tsubota, K.-i.; Yamaguchi, T. Confocal micro-PIV measurements of three-dimensional 

profiles of cell suspension flow in a square microchannel. Meas. Sci. Technol. 2006, 17, 797. 

45. Pinho, D.; Rodrigues, R.O.; Faustino, V.; Yaginuma, T.; Exposto, J.; Lima, R. Red blood cells radial 

dispersion in blood flowing through microchannels: The role of temperature. J. Biomech. 2016, 49, 2293–

2298. 

46. Wereley, S.T.; Meinhart, C.D. Recent advances in micro-particle image velocimetry. Ann. Rev. Fluid Mech. 

2010, 42, 557–576. 

47. Faustino, V.; Catarino, S.O.; Pinho, D.; Lima, R.; Minas, G. A passive microfluidic device based on crossflow 

filtration for cell separation measurements: A spectrophotometric characterization. Biosensors 2018, 8, 125. 

48. Cerdeira, A.T.S.; Campos, J.; Miranda, J.M.; Araujo, J.D.P. Review on microbubbles and microdroplets 

flowing through microfluidic geometrical elements. Micromachines 2020, 11, 201. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


