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Quantitative study for control
of air-liquid segmented flow
in a 3D-printed chip using

a vacuum-driven system

Hyeonji Hong?, Jae Min Song? & Eunseop Yeom***

The formation of droplets or bubbles in a microfluidic system is a significant topic requiring device
miniaturization and a small volume of samples. Especially, a two-phase segmented flow can be
applied to micro-mixing for chemical reactions and the treatment of heat and mass transfer. In this
study, a flow of liquid slugs and bubbles was generated in a 3D-printed chip and controlled by a single
pump creating a vacuum at the outlet. The pump and chip device were integrated to form a simple and
portable system. The size and flow rate of liquid slugs, obtained through image processing techniques,
were analyzed considering several parameters related to hydraulic resistance and pressure drop.

In addition, the effect of segmentation on mixing was observed by measuring the intensity change
using two different colored inks. The hydraulic resistance of air and liquid flows can be controlled

by changing the tube length of air flow and the viscosity of liquid flow. Because the total pressure
drop along the channel was produced using a single pump at the outlet of the channel, the size and
flow rate of the liquid slugs showed a near linear relation depending on the hydraulic resistances.

In contrast, as the total pressure varied with the flow rate of the pump, the size of the liquid slugs
showed a nonlinear trend. This indicates that the frequency of the liquid slug formation induced by
the squeezed bubble may be affected by several forces during the development of the liquid slugs and
bubbles. In addition, each volume of liquid slug segmented by the air is within the range of 10 to 2 pL
for this microfluidic system. The segmentation contributes to mixing efficiency based on the increased
homogeneity factor of liquid. This study provides a new insight to better understand the liquid slug or
droplet formation and predict the segmented flow based on the relationship between the resistance,
flow rate, and pressure drop.

The generation of droplets or bubbles in the microfluidic system has been investigated in various fields such as
medical, biological, and chemical research'~®. Two immiscible fluids can be utilized for micro-mixing’, implying
a segmented flow due to the mutual relation between them in a micro-device. The introduced phases can generate
the segmented flow including droplets, plugs, or slugs, and it is generally regarded as droplet formation®. This is
considered as a significant topic in microfluidics because the development of point-of-care test (POCT) needs
miniaturization of the system and small volume of the test sample. Therefore, predicting and controlling the
formation of droplets or bubbles is important for various applications® %

In particular, the gas-liquid flow enables fast mixing and tolerates high temperature during chemical
reactions’. Mixing performance in liquid would increase with short slug length and high velocity while it would
also be constrained by short residence time. On the other hand, flow is not completely developed as the size of
liquid slug is too short'®. Therefore, it is important to controlling the size of slug (or droplet) and the ratio of
gas-liquid flow rate. Besides the feature of gas-liquid flow, droplet formation process also develops mixing by
the molecular diffusion due to squeezed and stretched interface'. The formation of segmented flow composed
of gas-liquid has been studied through the experiments and simulations™'*-**. Visualization such as micro-PIV
experiment was conducted for observing the velocity distribution including the recirculation motion in the liquid
slug!?. The researches on gas-liquid segmented flow have investigated the increased heat and mass transfer in
liquid slug®, the size of liquid slug'®"’, the influence of liquid properties on the flow'”*, the relation between
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Figure 1. Experimental setup composed of a high-speed camera, a stereo microscope, a 3D-printed chip, and
a syringe pump. T-shaped rectangular channel with a width and depth of 1000 um for a mainstream channel
with a length of 45 mm, and a depth of 500 pum for a 90° channel with a length of 20 mm. 3D illustrations were
produced by the authors using SolidWorks software (Dassault Systemes SolidWorks Corp., USA).

pressure and flow'®?, the flow characteristics with capillary number!”"

such as T-junction.

In most studies, gas and liquid flows are injected into each inlet by each of two pumps because it is convenient
to control the ratio between gas and liquid separately. For example, gas pressure is used to provide automatic
generation of sequential flow, known as a self-activated flow?>”. Wu et al. proposed a pressure driven method
of injecting a sample using a hand-held syringe into a chip?®. However, in this method, each sample should be
loaded into the supply chambers, which then flows through the connecting line. It means that much of the sample
is consumed in the connecting line without mixing or reaction. Therefore, besides controlling the microscale seg-
mented flow, the vacuum-driven flow by negative pressure using a single pump would be appropriate to achieve
the smaller volume of the sample for devices or systems such as POCT. A few studies conducted experiments
for segmented flow by negative pressure and most of them regulate liquid-liquid flows**. Garstecki et al. has
reported that the movement of gas-liquid was operated by negative pressure for the simple and portable systems
which is the integration of operating equipment and microfluidic devices'.

In case of a microfluidic-based device, repetitive modification is essential for a successive cycle of design,
fabrication, and testing in the experimental stage. In addition, the ability to control the small volume of fluid is
a typical need of the microfluidic system®'. Due to this complex connection, it is difficult to apply the microflu-
idic-based devices to various industrial fields for widespread adoption and commercialization*’. Hence, many
challenges exist for POCT devices from laboratory to industrial application. To overcome these challenges, 3D
(three-dimensional) printing technology, which is expected to provide novel methods in microfluidics, has been
considered. It has advantages of easy and iterative design, and rapid fabricating of prototypes*. In addition,
material can be reproduced at relatively low cost, and low volume production can be achieved with freeform
design during trial and error®. Several types of 3D printing methods shows applicability and flexibility in view
of microfluidic devices****°. Many studies have reported the application to microfluidics*’~* and furthermore
utility for the fluid separation or manipulation®***4**! and diagnosis using biomarkers***?. Bhargava et al. used
3D printing technology for fabricating a channel which can generate the liquid-liquid droplet®. It implies the
possibility of optical measurement through selecting the appropriate printing materials.

In this study, negative pressure was applied to a microchip using a single-pump system to control the air-liq-
uid flow. The micro-scale chip was fabricated using the 3D printing method for iterative modification to optimize
design. The size and flow rate of the segmented flow were analyzed depending on several parameters that influ-
ence the hydraulic resistance of the fluids and the total pressure drop in the 3D-printed chip. Different tendency
of generated liquid slug and air bubble was investigated between changing resistances of air and liquid parts
each, and effect of pressure drop was observed by regulating the flow rate for vacuum-driven flow. Furthermore,
the intensity change was measured for ascertaining mixing during formation of segmented flow by using two
different colored fluids.

using various designs of the channel

Materials and methods

Experimental setup. A 3D-printed chip was mounted on a stereo microscope (SZ61TR, Olympus, Tokyo,
Japan) with light illumination and an objective lens at 1X magnification (numerical aperture (NA)=0.071), as
shown in Fig. 1. Flow in the 3D-printed chip was captured using a high-speed camera (Phantom VEO710L,
Vision Research Inc., Wayne, NJ, USA) at 100 fps through the microscope. Liquid sample (50-700 uL with flow
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Figure 2. Process of developing segmented flow made up of liquid slugs and air bubbles in T-junction of
3D-printed chip. In this study, liquid in the main channel is considered a carrier fluid and air a dispersed fluid to
be squeezed as flowing from 90° channel to main channel. Laplace pressure (AP;), shear stress (1) and pressure
drop (AP) are expressed as yellow dotted, red and blue arrows. The formation of the liquid slug and air bubble
was illustrated by the authors using Adobe Photoshop 2021 (Adobe Inc., USA).

rate condition) was filled in the reservoir of the 3D-printed chip, and the air entered through the air intake part
of the chip. Vacuum-driven flow was induced using a syringe pump (neMESYS, Centoni Gmbh, Germany) with
a plastic syringe of 10 mL (BD; Becton Dickinson, Franklin Lakes, USA) connected at the outlet of the chip. The
pump, controlled by the program of computer, precisely produced the volume change of syringe. In this study,
experiments were conducted in a thermo-hygrostat room (SKS-ACUD-05, Deahan Cleantech, South Korea)
with a temperature of 20 °C and 55% relative humidity.

3D printing. A 3D model of microfluidic device was designed using SolidWorks (Dassault Systémes Solid-
Works Corp., USA) and converted into the STL format file for fabrication. The microchip was printed using a 3D
printer (J850, Stratasys, Eden Prairie/Minneapolis, USA) based on the polyjet method, which jet drops of liquid
photopolymer onto a build tray, and then solidifies by exposure to the UV light while the layers accumulate. The
effect of surface roughness on the flow is reduced since boundary layer is thicker than absolute roughness and
viscous sublayer adheres and flows along the surface for laminar flow condition®. It has a T-shaped rectangular
channel that is 1000 pm in width and depth for a mainstream channel with a length of 45 mm. To ensure suf-
ficient hydraulic resistance for the inflow of air, the depth is 500 um for a 90° channel with a length of 20 mm.
The inlet and outlet have a diameter of 1.5 mm to connect to a flowing tube (inner diameter=0.5 mm, outer
diameter = 1.5 mm; Tygon tube). As illustrated in Fig. 1, the T-junction channel is mostly used for the formation
of droplets or bubbles!'¢~'821:222444 Tp the 3D-printed chip, the air enters through the 90° channel and joins the
liquid flow in the mainstream channel. After reaching the junction, the air and liquid form a segmented flow
(bubbles and liquid slugs). As the inset of junction in Fig. 1, direction at the junction turns twice for preventing
liquid from directly entering the air intake part. The 3D structure was made by a 3D printer as one-off object.
The dimensions of channel were determined through an iterative process of design, fabrication, and test to form
segmented flows of gas-liquid. For example, the outlet of channel was redirected to be parallel with flow due to
an obstacle of hydraulic pressure to the flow. As utilizing a 3D printing method, easy and freeform design, and
rapid fabricating of prototype could be achieved with relatively low cost and low volume production during trial
and error. Moreover, it would be used to extend the succeeding studies.

Working fluids. The surface tension has an effect on the liquid-gas segmented flow!'*. For reducing the
contribution of the interfacial force, low surface tension between ethanol-air was considered. Therefore, ethanol
was used as a main working fluid and a mixture of ethanol-water was utilized for controlling the resistance of
liquid sample. The viscosity and surface tension of the mixture of ethanol (1.1890 cP, 22.85 mN/m at 20 °C)
and water (1.0030 cP, 72.88 mN/m at 20 °C) varied depending on the ethanol concentration. This viscosity
variance was measured using a microfluidic viscometer based on pressure estimation developed in our previous
research®. Ethanol concentration indicates volume percent, and the range of measurements is 0, 20, 40, 60, 80
and 100%. At 60% of ethanol concentration, viscosity has the maximum value of about 2.8990 cP. With refer-
ence to the value at 60% of concentration, viscosity showed a descending trend for both increase and decrease in
ethanol concentration. The surface tension was obtained by interpolation technique based on the references on
ethanol-water mixture*>*. In this study, pressure drop in the channel is within 10 Pa. Therefore, the compress-
ibility of air is not considerable as the pressure is low and gas-liquid flow represents uniform patterns in the
channel'’. In addition, the solubility of air is very low under the low-pressure condition*”*. Therefore, air was
used for two-phase segmented flow as a gas fluid'>'>171921.3,

For visualizing the mixing by segmentation, two pigment inks (STORiA, SAILOR, Japan) were utilized for
optical measurement. Each color is yellow and blue, and it was injected into the 3D-printed channel at 0.02 mL/
min, respectively. After stabilization, mixing flow image was captured by smartphone camera (Galaxy S9 + edge,
Samsung, South Korea) which was connected to the microscope lens using a smartphone camera adapter.

Formation of liquid slug and bubble

In Fig. 1, both liquid and air flows in the channel are produced by the vacuum-driven flow using the syringe
pump connected to the outlet of the microchip. The real image in the 3D-printed chip represents the segmented
flow, including liquid and air. Figure 2 illustrates the formation of the liquid slug (carrier fluid) and air bubble
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Figure 3. (A) Schematic describing hydraulic resistances of air (R,;,) and liquid (Ry;q.:4) flows analogous to the
Ohms law. A 3D chip was illustrated by the authors using SolidWorks software. (B) Binary images converted
using the Otsu thresholding method. In the obtained images (At=0.08 s), the white region represents liquid
slugs (intensity value of 1) and the black region represents air bubbles (intensity value of 0). (C) Transverse
intensity value depending on the longitudinal direction [x (um)] at a certain time corresponding to blue box

in (B). The size of liquid segment (Lg) is shown in this graph. (D) Temporal variation of averaged intensity
belonging to ROI depending on time (s) corresponding to red box in (B). The flow rate of liquid segment
(Quiquia) is shown in this graph.

(dispersed fluid). Among two-phase flow patterns, slug flow form shows the dispersion of gas bubbles and
concave volume of liquid slugs under wide operating conditions®. For steady pressure-driven flow, the relation
between flow rate and pressure drop is based on Hagen-Poiseuille’s law!®**>. The constant pressure drop (AP)
induced by one-pump system at the outlet can be expressed as follows:

AP = R,Q (1)

where R, is the hydraulic resistance and Q is the flow rate of the channel. In Fig. 3a, the hydraulic resistances
of air and liquid flows, R;, and Ry;q,;q respectively, are described analogous to the Ohm's law. Simple resistance
circuit model is physically reasonable in the air-liquid segmented flow®'. Pressure term can be expressed for
each section and rewritten. From that, pressure drop is obtained as follows:

APair = RairQair + Rumain(Qair + QLiquid) )

APpiguid = RiiquidQLiguid + Raain (Qair + QLiquid) (3)

For Egs. (2) and (3), two phases have a common term (Ry;in(Qar + Qpiquia))- In the above-mentioned experi-
mental condition, AP,; and APy, are the same as the syringe pump connected to the outlet controls the total
pressure of the channel. As a result, the simplified Eq. (1) can describe the experimental results for each phase
of air and liquid. Therefore, the hydraulic resistances of both air and liquid change the size and squeezing rate
for air bubble and liquid slug because the hydraulic resistances vary the flow rate ratio between air and liquid
under balanced forces (interfacial tension, shear stress, and hydrostatic pressure).

The obtained images (At=0.08 s) are converted into binary images using the Otsu thresholding method
(Fig. 3b). The white region indicates the liquid slug with the intensity value of 1. On the contrary, the black region
indicates the bubbles with the intensity value of 0. Figure 3c represents the transverse intensity at a certain time
corresponding to the blue box including x (um), which is the longitudinal direction in Fig. 3b. It was obtained
by taking an average of intensity values along the channel width. The liquid slugs can be easily distinguished by
high intensity, and thus, the size of the liquid segment (Lg) can be acquired. Figure 3d illustrates the temporal
variation of averaged intensity belonging to the region of interest (ROI). The ROI in Fig. 3b is considered smaller
than the size of the liquid segment so that the liquid with the intensity value of 1 can be easily distinguished from
the region occupied by the air. Using this, the number of liquid slugs during a certain period is estimated, and
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Figure 4. (a) Representative images in 3D-printed chip depending on hydraulic resistance gradient of air
[AR,;, (Pa-s/fmm?)]. (b) Length (Lg) of slug, (c) flow rate (Quiguia) of slug and (d) air-liquid superficial velocity
ratio (jg/j.) depending on AR,;. Correlation coefficients for the given length of tube are R>=0.9105(Ls) and
R*=0.9693 (Qqiquia)- (€) Dimensionless length (Ls/W, Ly/W) versus air-liquid superficial velocity ratio (jg/j,).

then the liquid proportion in the total flow is calculated. Consequently, the flow rate of liquid slugs (Qy;quia) is
determined using the known total flow rate.

Results
Air resistance with length of tube. To control the hydrodynamic resistance of the air part (R,;), an
additional tube (D =250 pm; Tygon tube) was connected to the air intake. Then, the length of the connected
tube which is circular channel was controlled to change R,;. According to Eq. (4), the R,;, increases as the tube
lengthens.

Ry = Cgeometryl/LL/A2 = 8pLL/7ta4 (4)

where Coeopery is @ geometric coefficient, y is the dynamic viscosity, L is the length, and A is the cross-sectional
area of the channel. For a circular channel, Cyeomeuy is 87, and a is the radius of the channel®. The flow rate (Qpyyp)
was fixed at 500 uL/min, whereas the length of the tube was varied as 200, 400, 600, 800, and 1000 mm. From
Eq. (4), Ry;; changes from 38 to 189 Pa-s/mm? at the air viscosity of 1.81 x 10~ Pa-s according to the relevant
length of tube. The increase in Ry;, (AR,;,) results in the decrease in the flow rate of the air (Q,;,) under constant
APbased on Eq. (1). Therefore, air flows in the main channel with a relatively low volume compared to the liquid
part. Figure 4a—c show the length (Ls) and flow rate (Qy;qiq) of slugs depending on the length of tube that was
represented by AR, (Pa-s/mm?). The value of L increases gradually from 771 to 1232 um (R*=0.9105). Likewise,
the value of Qy;q,q increases from 38 to 187 pL/min with the length of tube.

In the case of Qy;qui> the correlation coefficient (R?=0.9693) is higher than that in the case of Ly (R*=0.9105)
because Qy;qyq is directly affected by Qy;, (AP=R;;Q,;,)- For detailed explanation, Fig. 4d shows the air-liquid
superficial velocity ratio (js/j,) for the AR,;. Superficial velocity can be calculated by flow rate divided by cross-
sectional area (A) (i.e. jg=Qa;/A). When ARy, is increased, js/j, is decreased. Figure 4e shows the considerable
linear increase of dimensionless length of bubble (Ly/W) with increase of (j/j) while length of slug (Ls/W) is
decreased (Lg=0.77-1.23 um). The trend of relation between L/W and j/j; is matched with gas-liquid micro-
channel system®. Therefore, AR,;, make the j/j reduced and L/W is affected by j/j, under given liquid flow
rate. Reduced gas flow rate results in shorter gas bubbles and higher liquid slugs.
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Figure 5. (a) Representative images in 3D-printed chip depending on the volume percent of ethanol [Cpn1
(%)] for ethanol-water mixture. (b) Length (Ls) and (c) flow rate (Qy;quq) of slugs depending on the viscosity

of liquid depending on Cgyano- Viscosity of ethanol-water mixture was overlapped depending on Cggana (%).
Correlation coefficients for the viscosity of liquid are R=-0.8974 (Lg) and R=-0.9333 (Qy;qua)- (d) Air-liquid
superficial velocity ratio (j/j.) depending on viscosity. (e) Length of bubble (Ly/W) with surface tension (y) and
the plot of surface tension (y) with jg/j; in the inset. (f) Dimensionless length (Ls/W, Lg/W) versus jg/ji.

Liquid resistance with ethanol concentration. The resistance of liquid part (Ry;quq) is changed by
varying the viscosity of the liquid sample used as the working fluid. In this study, Ry;q,q is proportional to the
viscosity of the mixture of ethanol and water, as expressed in Eq. (4). The viscosity of the mixture varies with
ethanol concentration (volume percent of ethanol; Crypane)- The Qpymyp, is fixed at 500 uL/min and Crypan is varied
from 0 to 100%. Figure 5a—c illustrates Lg and Qy;quq depending on Cypqpe, and the overlapped viscosity (Pa s/
mm?) of ethanol-water mixture, which was measured under the same condition of Cgy,,- The viscosity of mix-
ture has the highest value at 60% of Crypano1- Based on the viscosity, the minimum and maximum values of Ry;quq
are 0.32 and 0.94 Pa s/mm?’, respectively, at relevant Cygano- The increase in Ry;qyq Tesults in the decrease in the
flow rate of the liquid (Qy;qua) at constant AP (AP = Ry;q,idQiquia)- The value of Lg is the minimum (Lg=233 um)
at Cpyhano = 60%, and the maximum (Lg=1716 pm) for water, i.e., at Cgypanq = 0%. The values of Qy;quq also show
a similar trend with a minimum value (Q;quq =28 pL/min) at Cyyane=60% and a maximum value (Qy;quiq= 156
uL/min) at Cggane = 0%. Both parameters have the minimum value at 60% of Cyy, ., Which is in accordance with
the maximum viscosity of the working fluid. The correlation coefficient between the viscosity of ethanol-water
mixture and Qy;quq is R=~0.9333, and between Lg and Qg4 is R*=0.9705.

For detailed analysis, Fig. 5d-f represent the variation of j;/j; and normalized length of slug and bubble.
Figure 5d shows the change of j;/j; with viscosity of mixture because viscosity is related with js/j, linearly in
general since Qy;q,iq decreases with increased Ry;qiq (Eqs. (1) and (4)). In Fig. 5e, the relation within Ly/W, js/ji,
and surface tension (y) was depicted since y has relevance to the force balance for generating the segmented
flow. Ly/W decreases with increased y, and the inset shows the surface tension is inversely proportional to j/j; .
From that, high value of js/j; is under the conditions of relatively high viscosity and low y while low jg/j; is
under the opposite. In Fig. 5f, Ly/W is decreased with js/j; since the Ry;qyq is increased by viscosity of liquid. By
comparison, Ly/W is remarkably affected by the variation of surface tension and density, especially in the lower
joljr range (jg/j =2.33 ~ 5.96). In this part, high js/j; with low Ly/W means that air occupies large proportion
with small-size air bubble at high generation rate.

Pump flow rate. To investigate the effect of negative pressure on the segmented flow, the Qpyp, of the
syringe pump was controlled. From Eq. (1), AP increases with increased Qp,,, when Ry, is constant. The length of
the tube for Ry;, (76 Pa s/mm?) was 400 mm and Cgypnel fOr Ryjguiq (0.32 Pa s/mm?) was 100%. The values of Qpyyy
were changed as 300, 500, 700, 1000, and 1500 uL/min. In Fig. 6a, for the case of low Qpump (300, 500 yL/min),
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Figure 6. (a) Length of slugs (L) depending on pump flow rate [Qpyy,, (mL/min)] of the syringe pump and
representative images in 3D-printed chip as an inset of plot. (b) Air-liquid superficial velocity ratio (js/j.)
(c) dimensionless length (Ls/W, Ly/W) and (d) flow rate of slugs (Qy;quia) depending on Qpyy,,. Correlation
coefficients between Qp;quiq and Qpypy is R*=0.9951 (Qpiquia)-

relatively large value of Lg is observed because it is difficult for the air flow to penetrate the liquid flow in the main
channel due to the surface tension force (Fig. 2a). As Qp,,, increases from 500 to 700 pL/min, the time required
for the growth of air bubbles decreases and there is an unanticipated decrease of Lg to 597 um. For Fig. 6b, js/j,
is not affected by Qpym, since the ratio of Ry;, and Ry;qyq is nearly constant. In addition, L/W in Fig. 6¢ shows
relatively high values with high deviations at Qp,, =300, 500 pL/min. It is related with the balanced forces such
as interfacial tension, shear stress, and hydrostatic pressure. However, while the trends in Ly/W are irregular with
the increase in Qpymp Qriquia Shows an increasing trend in the range of 42-306 puL/min because Qp,y, regulates
the total volume flow rate (R*=0.9951). This indicates that the time required to squeeze the bubbles gradually
decreases by increasing Qpump from 700, 1000 to 1500 uL/min, despite similar sizes of liquid slugs (Ls=597, 586,
and 605 pum).

Validation for squeezing regime. To validate the results under various conditions, Fig. 7a compares
the values between void fraction (Ly/(Ls+ L)) and volumetric quality (jo/(jg +ji)). Ls/(Ls+Lg) is proportion of
the bubble over the sum of liquid slug and air bubble (Fig. 3). j;/(j;+j.) is proportion of gas flow rate to total
flow rate (Q= Qpiguia + Quir)*>*>*. The trend line was expressed by y=y,+ ax with y,=0.0153 and a=0.9850. It
correlates well with linear relationship as Armand-type******. Generally, Ly/(Ls+ Lg) correlates with jg/(jg +jp)-
Figure 7b shows the Lg with capillary number (Ca) from 10#to10-. Ca was calculated by using the follow-
ing equation (Eq. 5). Ca indicating the ration between viscous drag forces and surface tension forces can be
expressed as follow:

Ca = pu/y (5)

where p is the viscosity, u is the speed of carrier fluid, and y is the surface tension. Ca has a relation with
ja/jL while certain value deviates from the line due to effects of their viscosity and surface tension*>*. L is
decreased with increasing Ca since the capillary number intensifies shearing effect of two fluids®®. Higher Ca
means increased viscous force and the interface between two phases experiences higher shear stress. Therefore,
the air could easily penetrate the continuous liquid phase at the junction and then it results in the faster breakup.

Mixing by segmentation. The segmentation itself could influence on the mixing since molecular diffu-
sion is generated by squeezing, stretching of liquid'*. Figure 8a shows captured image of segmented liquid flow
by air when two different inks (yellow and blue) enter the channel at 0.02 mL/min, respectively. Based on the
segmentation point, the yellow and blue colors are mixed and then the segmented liquid slug has green color.
According to Kagpar et al., The squeezing and stretching of liquid develop symmetrical circulation before the
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Figure 7. (a) Void fraction (Ly/(Ls+ L)) depending on gas volumetric quality (jo/(jg +j.)) (yo=0.0153,
a=0.9850). (b) The length of liquid slug (L) with capillary number (Ca) (y,=280.6407, a=4295.0156,
b=6.1407x107°).
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Figure 8. (a) Segmented flow in 3D-printed mixing chip (b) Homogeneity factor () at pre- and post-
segmentation.

segmentation is finished'*. Therefore, the homogenization is contributed by the molecular diffusion influencing
the mixing efficiency. The homogeneity factor (6) is expressed as following Eq. (6)".

6= ’/Mznzl(l” D1 (6)

where M is the number of pixels of liquid slug in the image, I, is the intensity of each pixel point in the image, and
Iis the mean value of intensity distribution (I = ﬁ 224: 1I). The value of  decreases as the mixing is processed
increasingly. In other words, the lower 8 means the higher degree of mixing, and then the 0 means theoretically
perfect mixing. However, in general, experiment and simulation analysis dealing with mixing efficiency have
postulated that complete mixing is below 0.1 which is 90% degree of mixing. Figure 8b indicates the 0 value
at pre-segmentation and post-segmentation. Segmentation effect on mixing phenomenon was focused rather
than other mixing mechanisms in this section. Therefore, data was extracted immediately before and after the
segmentation. For accurate measurement, the image was acquired under the steady flow, and data was averaged
by using 5 consecutive images. In addition, 8 is calculated by including every intensity value per pixel in the
ROI of 50 x 50 pixels. The decrease of @ means the progressed mixing state from the segmentation point as 6 was
decreased from 2.19+0.09 to 1.54 £ 0.09. The degree of mixing is about 30% based on the normalized 6. The
mixing performance by segmentation itself might differ depending on several parameters such as force balance
and channel size.

Discussion

The capillary numbers (Ca) were calculated under experimental conditions such as flow rate and fluid viscosity.
In this study, the range of Ca is small (10~ 107%). Given that the critical value distinguishing break-up regime
of squeezing and shearing is about 1072 the squeezing break-up is observed in our 3D-printed chip®.

Figure 2 shows the squeezing regime at smaller Ca®®. The carrier fluid (blue region) and the dispersed fluid
(white region) form an interface, and the penetrating dispersed fluid grows steadily (Fig. 2a). As the air is injected
in the T-junction of 3D-printed chip, the thread is distorted downstream (Fig. 2b). In this condition, there are
three types of forces acting on the air bubbles for growing and squeezing: surface tension, shear stress, and
pressure drop'®. The Laplace pressure (AP;) related to the surface tension acts on the growing air bubbles as a
stabilizing force, expressed as follows:
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where y is the surface tension, 7, and r, are the radii of curvature of each axis. From Eq. (7), AP, can be simpli-
fied as 2y/r because r, and r, are considered almost the representative radius (r) which is combination of r, and
r,- Forces induced by shear stress and pressure drop contribute to break-up of air-liquid interface. While the
radius of the dispersed fluid (r) increases due to intake of the air, Laplace pressure of the interface is reduced.
Subsequently, the collapse of neck produces the segmented flow within two immiscible fluids (Fig. 2c).

On the other hand, as the Ca (or flow rate) increases, the break-up regime is shifted to shearing regime such as
dripping or jetting. In this regime, the dispersed fluid is broken up before it reaches the states shown in Fig. 2b%.
When these forces were balanced under specific conditions, the dispersed fluid was squeezed at regular intervals.
Thus, the uniform volumes of liquid slugs and bubbles were generated at a constant time interval®®. When the
air blocks the liquid flow and the pressure between the fluids reaches the balance (Fig. 2b), it indicates the end
of the growth of bubbles®.

In Fig. 5, viscosity of liquid was changed by ethanol concentration (Cgy,,,1) and the surface tension was also
varied with that. In a low Ca, the break-up regime is dominated by pressure drop (AP) so the length of air bub-
ble and liquid slug (Lg/W, Ly/W) is generally determined by the ratio of the flow rate. However, the variation of
Ly seems not to be proportional to air-liquid superficial velocity ratio (js/ji) in Fig. 5f. It should be discussed
in more detail. In this case, both viscosity and surface tension of the liquid part are different depending on the
Chihanol- In terms of surface tension effect on bubble generation, according to Garstecki et al., the balance of
surface tension, static pressure and shear rate determines the L. Hao et al. also has reported the development
of bubble in terms of relevant forces®'. In T-junction channel, when gas penetrates liquid, destabilizing force is
weak because static pressure and shear rate act in the other direction (Fig. 2a). However, when gas blocks the
main channel (Fig. 2b), static pressure and shear rate are applied in the same direction (downstream) and then
the neck of gas is pressed by the net force (Fig. 2c). The range of AP; (Eq. 7) is wider with the changing radius
of curvature for high value of surface tension than low surface tension. Therefore, AP; of gas with high surface
tension is considerably decreased when the gas blocks the main channel. At the same time, intensified destabiliz-
ing forces (shear stress (t) and hydrostatic pressure (AP) in Fig. 2b), which directs towards same direction, push
the neck of gas downstream, and generate the gas bubble more easily. In fact, the surface tension has an impact
on the attachment force and interface of the bubble during the bubble growth®-%*. As a result, it can explain the
relation between Ly and surface tension in Fig. 5e. In addition, in Fig. 5d, viscosity of liquid has an impact on
the jg/j;, since flow rate of liquid (Qp;qua) decreases with increased resistance of liquid part (Ry;q.4) in Eq. (1).
The increased viscous force acts on the interface between air and liquid, and the higher shear stress makes the
air penetrate easily. In summary, viscosity, surface tension and flow rate intricately effects on the generation of
L. In other words, although L; should increase with increased jg/j; in Fig. 51, the expected trend is weak under
the condition of simultaneously changing surface tension contributing to decreased L.

As shown in Fig. 6, under the low pump flow rate (Qp,sp) condition, initially the surface tension force is
dominant because the radius of the air tip (r in Eq. (7)) increases slowly. This means that AP, is relatively large
at an early stage in Fig. 2a,c, and thus, the stabilizing force is dominant over shear stress and pressure drop.
Therefore, air-liquid flow takes time to segment each other due to the low flow rate and then Ly/W and Ly/W are
longer in the case of low Qp,,,, condition (300-500 uL/min). As destabilizing forces, there exist the shear stress
force (7) that is related to the flow rate of the liquid, and the resistance force that is related to the pressure drop
(AP) over the bubbles based on the Hagen-Poiseuille equation. For Qp,, 2bove 700 pL/min in this experiment,
the radius of the air tip (r) increased and AP, decreased rapidly. Therefore, thread grew and blocked the main
channel rapidly so that L/W decreased. Under the relevant condition (Qp, =700 ~ 1500 pL/min), the air bub-
ble was squeezed by the liquid stream immediately after the thread had grown up to a specific radius. Moreover,
jo/j, maintained a similar value with an average value of 5.4185 and standard deviation of 0.2650. This means
that Ly/W and Ly/W have approximately the same value at Qpyy,, =700~ 1500 uL/min, whereas the flow rate
of liquid slug (Qy;quia) increases under this Qp,,, condition. Consequently, as the total flow rate increases, the
bubbles form with a higher frequency through the squeezing process forced by the shear stress and resistance.
In other words, the pressure-driven flow by controlling Qp,.,, determines the flow rate of each fluid through the
flow channel, and allows liquid slugs to dynamically be changed such as length or frequency®. Further, the air
bubble, which can be considered as a gap between neighboring slugs, also varies with different vacuum pressure.

For Fig. 8, influence of segmentation on the mixing was investigated based on the homogeneity factor. Wang
et al. investigated the mixing performance in segmented liquid with respect to the channel width®. As the size
of segmented liquid was reduced, the required distance for effective mixing was also reduced. In addition, Fila-
tov et al. reported the increased viscosity generates vortex flow in liquid, and increases mixing index due to the
proportional relation with shear stress®”. According to the analysis of liquid viscosity with liquid slug (Fig. 5),
increased Ryq,;q with increased viscosity results in the decreased flow rate of the liquid (Q;quq)- Therefore, jo/j;
increases with viscosity of liquid while Ly/W decreases. As a result, viscosity of liquid changes the Lgy/W, and then
could influence the mixing efficiency of segmented flow.

In this paper, the volume of liquid slug from the overall results is within the range of 0.23 uL (Lg=233 pm) to
1.72 uL (Lg=1716 pm). It indicates the liquid flow segmented by the air could deal with the micro-scale samples.

Conclusion

A vacuum-driven segmented air-liquid flow was created in a 3D-printed chip using a single-pump system. The
size and flow rate of the liquid slugs were closely analyzed considering several parameters such as tube length of
air flow, viscosity of liquid sample, and pump flow rate. In addition, the ratio of gas-liquid superficial velocity
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and air bubble size were also investigated in accordance with the force balance. Further, the degree of mixing
was measured by homogeneity factor. Then, segmentation process itself is also considered as a factor influencing
the mixing efficiency.

Both liquid and air flows can be controlled by modifying their resistances. In this study, the flow rate of the
segmented liquid is directly proportional to the resistance, and the size of the liquid slug also shows a similar
trend with the flow rate ratio. On the contrary, in case of air bubble for changing liquid properties to control liquid
resistance, the portion occupied by the gas in the total flow gradually increases due to the increased viscosity,
but the length of the bubble is considerably affected by the value of the surface tension. For air-liquid flow under
the controlled total pressure, the size of the liquid slug shows abrupt reduction for the increased pump flow rate
because several forces acting on the liquid slug and bubble interact.

These results indicate that the size and flow rate of the two-phase flow can be regulated by vacuum-driven
flow using a single pump. Moreover, the understanding of the mechanism of slug or droplet formation can
be enhanced in terms of pressure drop, flow rate, and resistance including liquid properties within the flow.
However, there are still some areas that need to be considered as a follow-up study. One of the areas is the effect
of surface property in the channel. It can affect the generation process of gas-liquid segmented flow®®, and the
configuration of liquid slugs can be altered by the channel surface such as wetting properties via coating®. 3D
printing channel is also considered as research field in terms of influence of surface affinity on droplet generator®.
Nonetheless, this study could contribute to the field of biosensor system such as sensitive diagnostic assays>’’,
point-of-care testing (POCT), compact liquid-handling pump”!, etc. Firstly, it can be applied to the field of diag-
nostic assays using chemical or biological droplet mixing since controlling the size of the liquid is related to the
mixing efficiency. Secondly, it can be utilized for studies about portable biosensor such as POCT. Many related
studies try to analyze and apply a system that forms a pressure-based flow for miniaturization of the pumping
system. Ease-of-operation and portability make the potential for application higher through miniaturization
using compact liquid-handling system. Therefore, the results in this study can contribute to improved access to
various other pressure-driven flow-based studies since the control of two-phase fluid was conducted through
various parameters based on the circuit model under vacuum-driven flow.

Received: 2 November 2021; Accepted: 28 March 2022
Published online: 28 May 2022

References
1. Waelchli, S. & Rudolf von Rohr, P. Two-phase flow characteristics in gas-liquid microreactors. Int. J. Multiphase Flow 32, 791-806.
https://doi.org/10.1016/j.ijmultiphaseflow.2006.02.014 (2006).
2. El-Ali, J., Gaudet, S., Glinther, A., Sorger, P. K. & Jensen, K. E. Cell stimulus and lysis in a microfluidic device with segmented
gas-liquid flow. Anal. Chem. 77, 3629-3636. https://doi.org/10.1021/ac050008x (2005).
3. Yen, B. K, Giinther, A., Schmidt, M. A, Jensen, K. F. & Bawendi, M. G. A microfabricated gas-liquid segmented flow reactor for
high-temperature synthesis: The case of CdSe quantum dots. Angew. Chem. Int. Ed. 44, 5447-5451 (2005).
4. Hashimoto, M., Tong, R. & Kohane, D. S. Microdevices for nanomedicine. Mol. Pharm. 10, 2127-2144. https://doi.org/10.1021/
mp300652m (2013).
5. Sobieszuk, P, Aubin, J. & Pohorecki, R. Hydrodynamics and mass transfer in gas-liquid flows in microreactors. Chem. Eng. Technol.
35, 1346-1358 (2012).
6. Jung, J. & Oh, J. Cell-induced flow-focusing instability in gelatin methacrylate microdroplet generation. Biomicrofluidics 8, 036503.
https://doi.org/10.1063/1.4880375 (2014).
7. Jeong, G. S., Chung, S., Kim, C.-B. & Lee, S.-H. Applications of micromixing technology. Analyst 135, 460-473 (2010).
8. Niu, G., Ruditskiy, A., Vara, M. & Xia, Y. Toward continuous and scalable production of colloidal nanocrystals by switching from
batch to droplet reactors. Chem. Soc. Rev. 44, 5806-5820 (2015).
9. Tice, J. D, Song, H., Lyon, A. D. & Ismagilov, R. E. Formation of droplets and mixing in multiphase microfluidics at low values of
the reynolds and the capillary numbers. Langmuir 19, 9127-9133. https://doi.org/10.1021/1a030090w (2003).
10. Moon, B.-U,, Jones, S. G., Hwang, D. K. & Tsai, S. S. Microfluidic generation of aqueous two-phase system (ATPS) droplets by
controlled pulsating inlet pressures. Lab Chip 15, 2437-2444 (2015).
11. Cubaud, T. & Ho, C.-M. Transport of bubbles in square microchannels. Phys. Fluids 16, 4575-4585 (2004).
12. Gordillo, J. M., Cheng, Z., Ganan-Calvo, A. M., Marquez, M. & Weitz, D. A new device for the generation of microbubbles. Phys.
Fluids 16, 2828-2834 (2004).
13. Thulasidas, T., Abraham, M. & Cerro, R. Flow patterns in liquid slugs during bubble-train flow inside capillaries. Chem. Eng. Sci.
52,2947-2962 (1997).
14. Kaspar, O., Koyuncu, A., Pittermannova, A., Ulbrich, P. & Tokarova, V. Governing factors for preparation of silver nanoparticles
using droplet-based microfluidic device. Biomed. Microdevices 21, 88 (2019).
15. Garstecki, P, Fuerstman, M. J., Fischbach, M. A,, Sia, S. K. & Whitesides, G. M. Mixing with bubbles: A practical technology for
use with portable microfluidic devices. Lab Chip 6, 207-212 (2006).
16. Garstecki, P, Fuerstman, M. J., Stone, H. A. & Whitesides, G. M. Formation of droplets and bubbles in a microfluidic T-junction—
scaling and mechanism of break-up. Lab. Chip 6, 437-446 (2006).
17. Guo, E. & Chen, B. Numerical study on Taylor bubble formation in a micro-channel T-junction using VOF method. Microgravity
Sci. Technol. 21, 51-58 (2009).
18. Fan, J., Zhang, Y. & Wang, L. Formation of nanoliter bubbles in microfluidic T-junctions. NANO 5, 175-184 (2010).
19. Kim, N. et al. Gas-liquid two-phase flows in rectangular polymer micro-channels. Exp. Fluids 51, 373-393 (2011).
20. Yao, C., Dong, Z., Zhao, Y. & Chen, G. Gas-liquid flow and mass transfer in a microchannel under elevated pressures. Chem. Eng.
Sci. 123, 137-145 (2015).
21. Wang, A.-B,, Lin, L.-C,, Hsieh, Y.-W.,, Shih, W.-P. & Wu, G.-W. Effective pressure and bubble generation in a microfluidic T-junction.
Lab. Chip 11, 3499-3507 (2011).
22. Yun, ], Lei, Q, Zhang, S., Shen, S. & Yao, K. Slug flow characteristics of gas-miscible liquids in a rectangular microchannel with
cross and T-shaped junctions. Chem. Eng. Sci. 65, 5256-5263 (2010).
23. Zaloha, P. et al. Characteristics of liquid slugs in gas-liquid Taylor flow in microchannels. Chem. Eng. Sci. 68, 640-649. https://
doi.org/10.1016/j.ces.2011.10.036 (2012).
24. Abdelwahed, M. A. B., Wielhorski, Y., Bizet, L. & Bréard, J. Characterisation of bubbles formed in a cylindrical T-shaped junction
device. Chem. Eng. Sci. 76, 206-215 (2012).

Scientific Reports |

(2022) 12:8986 | https://doi.org/10.1038/s41598-022-13165-6 nature portfolio


https://doi.org/10.1016/j.ijmultiphaseflow.2006.02.014
https://doi.org/10.1021/ac050008x
https://doi.org/10.1021/mp300652m
https://doi.org/10.1021/mp300652m
https://doi.org/10.1063/1.4880375
https://doi.org/10.1021/la030090w
https://doi.org/10.1016/j.ces.2011.10.036
https://doi.org/10.1016/j.ces.2011.10.036

www.nature.com/scientificreports/

25.
26.
27.
28.
29.
30.

31.
32.

33.
34.

35.
36.
37.

38.
. Villegas, M., Cetinic, Z., Shakeri, A. & Didar, T. E. Fabricating smooth PDMS microfluidic channels from low-resolution 3D printed

40.

41.

42.
43.

44.
45.

46.
47.
48.
49.
50.
51.

52.
53.

54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.

65.
66.

67.
. Seemann, R., Brinkmann, M., Pfohl, T. & Herminghaus, S. Droplet based microfluidics. Rep. Prog. Phys. 75, 016601 (2011).

Kashid, M. N., Renken, A. & Kiwi-Minsker, L. Gas-liquid and liquid-liquid mass transfer in microstructured reactors. Chem. Eng.
Sci. 66, 3876-3897. https://doi.org/10.1016/j.ces.2011.05.015 (2011).

Wu, W. A pressure-driven gas-diffusion/permeation micropump for self-activated sample transport in an extreme micro-envi-
ronment. Analyst 143, 4819-4835 (2018).

Jiang, Y. et al. A novel mechanism for user-friendly and self-activated microdroplet generation capable of programmable control.
Analyst 143, 3798-3807 (2018).

Wu, W,, Trinh, K. T. L. & Lee, N. Y. Hand-held syringe as a portable plastic pump for on-chip continuous-flow PCR: Miniaturiza-
tion of sample injection device. Analyst 137, 983-990. https://doi.org/10.1039/C2AN15860D (2012).

Choi, C.-H., Lee, H. & Weitz, D. A. Rapid patterning of PDMS microfluidic device wettability using syringe-vacuum-induced
segmented flow in nonplanar geometry. ACS Appl. Mater. Interfaces. 10, 3170-3174 (2018).

Abate, A. R. & Weitz, D. A. Syringe-vacuum microfluidics: A portable technique to create monodisperse emulsions. Biomicrofluidics
5,014107 (2011).

Whitesides, G. M. The origins and the future of microfluidics. Nature 442, 368-373 (2006).

Caicedo, H. H. & Brady, S. T. Microfluidics: The challenge is to bridge the gap instead of looking for a ‘killer app. Trends Biotechnol.
34,1-3 (2016).

Chan, H. N, Tan, M. J. A. & Wu, H. Point-of-care testing: Applications of 3D printing. Lab. Chip 17, 2713-2739 (2017).

Hong, H., Song, J. M. & Yeom, E. 3D printed microfluidic viscometer based on the co-flowing stream. Biomicrofluidics 13, 014104
(2019).

Lee, J. M., Zhang, M. & Yeong, W. Y. Characterization and evaluation of 3D printed microfluidic chip for cell processing. Microfluid.
Nanofluid. 20, 5 (2016).

Guerra, M., Volpone, C., Galantucci, L. & Percoco, G. Photogrammetric measurements of 3D printed microfluidic devices. Addit.
Manuf. 21, 53-62 (2018).

Bhargava, K. C., Thompson, B. & Malmstadt, N. Discrete elements for 3D microfluidics. Proc. Natl. Acad. Sci. 111, 15013-15018
(2014).

Nielsen, A. V., Beauchamp, M. J., Nordin, G. P. & Woolley, A. T. 3D printed microfluidics. Annu. Rev. Anal. Chem. 13 (2019).

molds using an omniphobic lubricant-infused coating. Anal. Chim. Acta 1000, 248-255 (2018).

Tang, C., Vaze, A. & Rusling, ]. Automated 3D-printed unibody immunoarray for chemiluminescence detection of cancer biomarker
proteins. Lab. Chip 17, 484-489 (2017).

Kasetsoontorn, B. & Choengchan, N. Towards direct analysis of solid and liquid samples exploiting a 3D printed dialysis unit and
sequential injection: Application for automated derivatization and determination of gamma-aminobutyric acid in foodstuff and
beverages. Anal. Chim. Acta 1097, 103-109. https://doi.org/10.1016/j.aca.2019.10.074 (2020).

Plevniak, K., Campbell, M., Myers, T., Hodges, A. & He, M. 3D printed auto-mixing chip enables rapid smartphone diagnosis of
anemia. Biomicrofluidics 10, 054113 (2016).

Sultan, T. & Cho, J.-S. Methodology considering surface roughness in UV water disinfection reactors. Chem. Pap. 70, 777-792.
https://doi.org/10.1515/chempap-2016-0020 (2016).

Li, X.-B. et al. Study on the mechanism of droplet formation in T-junction microchannel. Chem. Eng. Sci. 69, 340-351 (2012).
Khattab, L. S., Bandarkar, E, Fakhree, M. A. A. & Jouyban, A. Density, viscosity, and surface tension of water+ ethanol mixtures
from 293 to 323K. Korean J. Chem. Eng. 29, 812-817 (2012).

Vazquez, G., Alvarez, E. & Navaza, J. M. Surface Tension of Alcohol Water + Water from 20 to 50 .degree.C. J. Chem. Eng. Data
40, 611-614. https://doi.org/10.1021/je00019a016 (1995).

Liu, J. et al. Effect of atmospheric environment on the attenuation coefficient of light in water. arXiv preprint arXiv:1402.5006
(2014).

Palaniandy, P,, Adlan, M. N,, Aziz, H. A., Murshed, M. F. & Hung, Y.-T. in Waste treatment in the service and utility industries
145-182 (CRC Press, 2017).

Oh, K. W, Lee, K., Ahn, B. & Furlani, E. P. Design of pressure-driven microfluidic networks using electric circuit analogy. Lab
Chip 12, 515-545 (2012).

Mi, S. et al. Effects of the gas feed on bubble formation in a microfluidic T-junction: Constant-pressure versus constant-flow-rate
injection. Ind. Eng. Chem. Res. 58, 10092-10105 (2019).

Peng, S.-C., Nagarkar, S. P, Lowen, J. L. & Velankar, S. S. Circuit model for microfluidic bubble generation under controlled pres-
sure. Microfluid. Nanofluid. 15, 797-805 (2013).

Fukuta, M., Miyata, S., Motozawa, M., Morishita, S. & Makimoto, N. Quality measurement of two phase flow with plug flow. (2018).
Yao, C., Dong, Z., Zhao, Y. & Chen, G. The effect of system pressure on gas-liquid slug flow in a microchannel. AICKE J. 60,
1132-1142 (2014).

Abadie, T., Aubin, ., Legendre, D. & Xuereb, C. Hydrodynamics of gas-liquid Taylor flow in rectangular microchannels. Microfluid.
Nanofluid. 12, 355-369. https://doi.org/10.1007/s10404-011-0880-8 (2012).

Chaoqun, Y. et al. Characteristics of slug flow with inertial effects in a rectangular microchannel. Chem. Eng. Sci. 95, 246-256.
https://doi.org/10.1016/j.ces.2013.03.046 (2013).

Lei, L. et al. Experimental studies of droplet formation process and length for liquid-liquid two-phase flows in a microchannel.
Energies 14, 1341 (2021).

Harshe, Y. M., van Eijk, M. J,, Kleijn, C. R., Kreutzer, M. T. & Boukany, P. E. Scaling of mixing time for droplets of different sizes
traveling through a serpentine microchannel. RSC Adv. 6, 98812-98815. https://doi.org/10.1039/C6RA17728] (2016).

Sen, U. et al. Dynamics of magnetic modulation of ferrofluid droplets for digital microfluidic applications. J. Magn. Magn. Mater.
421, 165-176. https://doi.org/10.1016/j.jmmm.2016.07.048 (2017).

Garstecki, P, Stone, H. A. & Whitesides, G. M. Mechanism for flow-rate controlled breakup in confined geometries: A route to
monodisperse emulsions. Phys. Rev. Lett. 94, 164501 (2005).

Fu, H., Zeng, W. & Li, S. Quantitative study of the production rate of droplets in a T-junction microdroplet generator. J. Micromech.
Microeng. 27, 125020. https://doi.org/10.1088/1361-6439/aa94b3 (2017).

Hao, Y. et al. Dynamics and controllability of droplet fusion under gas-liquid-liquid three-phase flow in a microfluidic reactor.
RSC Adv. 10, 14322-14330. https://doi.org/10.1039/DORA00913] (2020).

Boubendir, L., Chikh, S. & Tadrist, L. On the surface tension role in bubble growth and detachment in a micro-tube. Int. . Mul-
tiphase Flow 124, 103196. https://doi.org/10.1016/j.ijmultiphaseflow.2019.103196 (2020).

Fries, D. M., Trachsel, F. & von Rohr, P. R. Segmented gas-liquid flow characterization in rectangular microchannels. Int. J. Mul-
tiphase Flow 34, 1108-1118. https://doi.org/10.1016/j.ijmultiphaseflow.2008.07.002 (2008).

Fu, T, Ma, Y., Funfschilling, D., Zhu, C. & Li, H. Z. Squeezing-to-dripping transition for bubble formation in a microfluidic
T-junction. Chem. Eng. Sci. 65, 3739-3748. https://doi.org/10.1016/j.ces.2010.03.012 (2010).

Thurgood, P. et al. Asynchronous generation of oil droplets using a microfluidic flow focusing system. Sci. Rep. 9, 1-11 (2019).
Wang, J., Wang, J., Feng, L. & Lin, T. Fluid mixing in droplet-based microfluidics with a serpentine microchannel. RSC Adyv. 5,
104138-104144 (2015).

Filatov, N., Belousov, K., Bukatin, A., Kukhtevich, I. & Evstrapov, A. J. Phys. Conf. Ser. 012052 (IOP Publishing).

Scientific Reports |

(2022) 12:8986 | https://doi.org/10.1038/s41598-022-13165-6 nature portfolio


https://doi.org/10.1016/j.ces.2011.05.015
https://doi.org/10.1039/C2AN15860D
https://doi.org/10.1016/j.aca.2019.10.074
https://doi.org/10.1515/chempap-2016-0020
https://doi.org/10.1021/je00019a016
http://arxiv.org/abs/1402.5006
https://doi.org/10.1007/s10404-011-0880-8
https://doi.org/10.1016/j.ces.2013.03.046
https://doi.org/10.1039/C6RA17728J
https://doi.org/10.1016/j.jmmm.2016.07.048
https://doi.org/10.1088/1361-6439/aa94b3
https://doi.org/10.1039/D0RA00913J
https://doi.org/10.1016/j.ijmultiphaseflow.2019.103196
https://doi.org/10.1016/j.ijmultiphaseflow.2008.07.002
https://doi.org/10.1016/j.ces.2010.03.012

www.nature.com/scientificreports/

69. Warr, C. A. et al. 3d-printed microfluidic droplet generator with hydrophilic and hydrophobic polymers. Micromachines 12, 91
(2021).

70. Belousov, K. et al. An asymmetric flow-focusing droplet generator promotes rapid mixing of reagents. Sci. Rep. 11, 1-10 (2021).

71. Na, W,, Kang, M., Jang, D. & Shin, S. Miniaturized surface plasmon resonance biosensor with vacuum-driven hydrodynamic
focusing. Sens. Act. B Chem. 254, 64-71. https://doi.org/10.1016/j.snb.2017.07.041 (2018).

Acknowledgements
This work was supported by the National Research Foundation (NRF) of Korea grant funded by the Korea gov-
ernment (MSIP) (NRF-2018R1A5A2023879 and 2021R111A3047664).

Author contributions
E.Y,, and J.S. proposed the study. H.H performed the experiment and analyzed the experimental data. H.H, J.S.
and E.Y. wrote the paper. All authors participated in completing the manuscript.

Funding
This article was funded by National Research Foundation of Korea (NRF-2018R1A5A2023879 and
2021R111A3047664).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:8986 | https://doi.org/10.1038/s41598-022-13165-6 nature portfolio


https://doi.org/10.1016/j.snb.2017.07.041
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Quantitative study for control of air–liquid segmented flow in a 3D-printed chip using a vacuum-driven system
	Materials and methods
	Experimental setup. 
	3D printing. 
	Working fluids. 

	Formation of liquid slug and bubble
	Results
	Air resistance with length of tube. 
	Liquid resistance with ethanol concentration. 
	Pump flow rate. 
	Validation for squeezing regime. 
	Mixing by segmentation. 

	Discussion
	Conclusion
	References
	Acknowledgements


