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ABSTRACT: This work presents the experimental and computational study of droplet generation for hydrogel prepolymer solution in

oil using a flow-focusing device. Effects of different parameters on hydrogel droplet generation and droplet sizes in a flow-focusing

device were investigated experimentally and computationally. First, three dimensional (3D) computational simulations were con-

ducted to describe the physics of droplet formation in each regime and mechanism of three different regimes: squeezing, dripping,

and jetting regime of hydrogel were investigated. Subsequently, the effects of viscosity, inertia force, and surface tension force on

droplet generation, and droplet size were studied through these experiments. The experiments were carried out using different con-

centration of gelatin methacrylate (GelMA) hydrogel (5 wt % and 8 wt %) as the dispersed phase and two different continuous phase

liquids (light mineral oil and hexadecane) with various concentrations of surfactant (0 wt %, 3 wt %, and 20 wt %). All experimental

data was summarized by capillary number of dispersed phases and the continuous phases to characterize the different regimes of

droplet generation and to predict the transition of dripping to a jetting regime for GelMA solution in flow-focusing devices. It is

shown that the transition of dripping to a jetting regime for GelMA happens at lower capillary numbers compared to aqueous solu-

tions. Moreover, by increasing the viscous force of continuous phase or decreasing the interfacial force, the size of GelMA droplets

was decreased. By controlling these parameters, the droplet sizes can be controlled between 30 lm and 200 lm, which are very suita-

ble for cell encapsulation. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43701.
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INTRODUCTION

Microfluidic techniques are utilized as a versatile tool for fabri-

cating microspheres and fibers used in a wide range of applica-

tions in drug delivery,1,2 tissue engineering,3–5 cosmetic and

food additives,6,7 and bioreactors.8 T-junction,9 co-flow,10 and

flow-focusing11,12 methods are most commonly adopted to cre-

ate mono-dispersal microsphere droplets while controlling size.

Among these techniques, the flow-focusing method has advan-

tages over other systems, such as the ability to create a smaller

size of droplets and the simple fabrication steps.13–16

Among numerous applications, flow-focusing devices particu-

lalry in tissue engineering are used to fabricate droplets of a

biocompatible prepolymer solution (hydrogel) for encapsulating

cells and drugs. Researches employed flow-focusing devices to

generate droplets of several types of hydrogels including mag-

netic hydrogel particles,17 phenyl boronic acid groups (PMBV)

and poly(vinyl alcohol) (PVA),18 poly (ethylene glycol) (PEG),19

gelatin methacrylate (GelMA),20 and grapheme oxide GelMA.21

The size and type of hydrogel droplets define the cellular micro-

environment of the encapsulated cells.18 Therefore, controlling

the size of the generated droplets in microfluidic flow-focusing

devices is very important for tissue engineering applications.

In a microfluidic flow-focusing devices,11 two immiscible fluid

phases (dispersed phase and continuous phase) flow into a

cross-junction channel from different inlets, which results in

three possible scenarios: (1) droplets are created in the orifice

channel at a size bigger than the width of channel (squeezing

regime); (2) droplets from the dispersed phase that are smaller

than the channel are formed at the junction (dripping regime);

(3) a thin stream of the dispersed phase is surrounded by the

continuous phase (jetting regime).

Several experimental and numerical studies investigated the

effect of different parameters on droplet generation regimes in

flow-focusing devices, which include the effect of the viscosity

of the two phases,22,23 surface tension on droplet genera-

tion,24–26 the shape of the microfluidic channel,27,28 and the dif-

ferent methodologies in feeding the inflow.29 In addition to

experimental research, theoretical and computational studies
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were conducted to explain the dynamics of the flow-focusing

process. Particularly, researchers numerically investigated the

effect of various parameters including capillary number, viscos-

ity, and geometry on droplet generation and droplet size.30–33

Most of these studies have investigated the droplet formation

and breakup of aqueous solutions in oil. However, the fluid

dynamics of biocompatible prepolymer solution is different

from water, which makes optimized water-oil parameters less

useful in manipulating hydrogel droplet generation.

Viscosity and surface tension are among the most important

parameters influencing droplet generation regime. With the

emergence of new biomaterials and hyrdogels, the range of vis-

cosity and surface tension values in microfluidic flow-focuisng

devices have been extended. Therefore, it is important to char-

acterize the droplet formation and breakup regimes in micro-

fluidic flow focusing systems for a wider range of viscosity,

surface tension and capillary numbers which have not been

studied for aquoeous solutions.

Among all biocompatible hydrogels, GelMA is one of the most

popular hydrogels used in tissue engineering due to its biocom-

patibility,34 mechanical properties, maintaining cell viability, and

outstanding capacity for cell spreading.35,36 To achevie the

required integrity inside the cell encapsualted spheres, high con-

centration (and therefore high viscosity) of GelMA must be used.

As a result, to achieve the capillary numbers that are required for

continuous droplet genereation (dripping) regime, higher velocity

of GelMA solution is needed. However, as it is shown in this

study, the range of the capillary numbers that lead to dripping

regime for aquoeous solutions may result in jetting regime for

GelMA. As a result, to achieve dripping regime and avoid jetting

regime for GelMA, lower capillary numbers (compared to that of

aquoeous solutions) must be used.

In this article, to achieve a wider range of capillary numbers, we

quantitatively studied the GelMA droplet generation mechanism

in the flow-focusing device using both 3D computation simula-

tions and experiments. We investigated the effects of viscosity,

inertia force, and surface tension force on generating GelMA

droplets. The physics of different regimes was first studied by a

set of 3D computational simulation. Subsequently, we experimen-

tally studied the effects of several key parameters, including the

concentration of hydrogel, the concentration of surfactant, and

the viscosity of continuous and dispersed phases. All experimental

data was summarized by capillary numbers of the dispersed phase

and the continuous phase to characterize the different regimes of

droplet generation and to predict the transition of GelMA drops

to jet. Taken together, by controlling those parameters, we can

control the GelMA droplet size between 30 lm and 200 lm and

achieve uniform droplet size, which will be useful for future stud-

ies in cell-laden GelMA microgels and its applications.

EXPERIMENTAL

Fabrication of Microfluidic Flow-Focusing Device

The microfluidic flow-focusing device was fabricated by the

standard replica molding soft-lithography technique.37 As shown

in Figure 1(a), a thick photoresist (SU8-1025, Microchem, MA,

USA) layer was coated on a silicon wafer at 500 rpm for 10 s

and 2500 rpm for 30 s to create a mold. The wafer was baked at

65 8C for 5 min and at 95 8C for 10 min, and exposed to UV

light through a mask for 50 seconds with the intensity at 11

mW/cm2. A post exposure bake took place directly after exposure

for 10 min at 95 8C. Finally, the substrate was immersed in a

developer to remove unexposed areas of photoresist. 10:1 ratio

PDMS (SYLGARD 184, Dow Corning Corporation, Midland,

MI, USA) was poured over the molds in a petri dish. The device

was casted and peeled off the mold. The casted PDMS flow-

focusing device was bonded to the glass slide using a hand-held

plasma device (BD-20, Electro-Technic Products, Chicago, IL,

USA) for 1 min (at 30 s/cm2). Figure 1(b) shows the fabricated

device.

Synthesis of GelMA

GelMA was synthesized by the method described by Cha et al.38

Briefly, 5 g of gelatin were dissolved in 45 mL of dimethyl sulf-

oxide at 50 8C, followed by dissolving 0.5 g of 4-(dimethyla-

mino)-pyridine in the solution. Then, 0.5 g of glycidyl

methacrylate were slowly added to the solution while it was stir-

ing at 50 8C. The reaction was kept at 50 8C for 48 h. After syn-

thesizing process, the solution was dialyzed against deionized

(DI) water using a dialysis membrane tube (molecular weight

cut off: 12000–14000 Da; Fisher Scientific, Waltham, MA, USA)

for 5 days, while the deionized water was changed twice a day.

Finally, the dried GelMA was made through the lyophilization

process. Unless stated otherwise, all materials were purchased

from Sigma-Aldrich, St. Louis, MO, USA.

Experimental Procedure

As shown in Figure 1(c), the flow-focusing device consists of

two inlets, one outlet, a junction, an orifice channel, and an

expanding chamber. The dispersed phase fluid is injected into

the main inlet while continuous phase fluid is injected into the

other inlet through syringes connected by plastic tubes

(0.38 mm inner and 0.79 mm outer diameters). Continuous

phase fluid flowing from two opposite sides of the channel

brakes the dispersed phase at the junction, which lead to gener-

ating droplets at the junction, the orifice channel, or the

expanding chamber. The flow rates of both fluids are controlled

by syringe pumps (KD Scientific Inc., Holliston, MA, USA). In

all experiments, the flow rate of the dispersed phase (GelMA)

was kept constant at 2 lL/min, and the flow rate of continuous

phase was in the range of 5–40 lL/min. For all experiments and

the reliability of the results of each test, the device is continu-

ously operated for 5 min with constant flow rate, and then the

results of the experiments are recorded. The experiments are

monitored by an inverted microscope.

The experiments were carried out using materials with various

viscosities, densities, and surfactant concentrations for the con-

tinuous and dispersed phases. Two different concentrations of

GelMA prepolymer solutions for the dispersed phase were pre-

pared by dissolving 5 wt % and 8 wt % of GelMA in Phosphate

Buffered Saline (PBS). Light mineral oil (high viscous material)

and hexadecane (low viscous material, Sigma-Aldrich, St. Louis,

MO, USA) with different concentrations, 0 wt %, 3 wt %, and

20 wt % of surfactant (Span 80, Sigma-Aldrich, St. Louis, MO,

USA) were used for the continuous phase.
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Computational Simulation

In this study, “Two-phase Flow, Level Set” module in COMSOL

Multiphysics 4.3b (Comsol Inc., Burlington, MA, USA) was used

to study the mechanism of hydrogel droplet formation in the

flow-focusing device. The simulations were carried out in 3D to

realistically consider the effect of all constraints. As shown in Fig-

ure 2(a), the dispersed phase (hydrogel prepolymer solution) was

entered into the center inlet, while continuous phase fluid (min-

eral oil or hexadecane) was entered into the side inlets to meet

the dispersed phase fluid at the junction. Wetted wall with p/4

constant contact angel was used as the boundary condition of the

orifice channel. The geometrical dimension of 3D modeling is

shown in Figure 2(a). The viscosity and density of all solutions

were measured and written in Table I.

Parameters for Droplet formation

The generation of droplets and the size of droplets depend on a

variety of parameters, such as the flow rate of the dispersed and

continuous phases, the fluid properties of the dispersed and

continuous phase, and the geometry of the device. These

parameters can be summarized into two nondimensional num-

bers, which are called capillary number and Webber number.

These two numbers govern the formation of droplets in flow-

focusing devices. The capillary number describes the relation-

ship between the viscous force and interfacial force39 as follows,

Ca 5
lU

r
;

where l and U represent the viscosity and velocity of fluids,

respectively, and r represents the interfacial tension between the

two immiscible fluids. Whereas, Webber number describes the

relationship between the inertia force and interfacial force39 as

follows,

We 5
qU 2D

r
;

where q, U, and D represent the density, velocity of dispersed

phase fluid, and channel hydraulic diameter, respectively, and r
represents the interfacial tension between the two immiscible

fluids. Since the surface tension force is dominant in the low

flow rate of the dispersed phase (We � 1) and the inertia force

does not affect the formation of droplets,40 we focused only on

capillary numbers of the dispersed and continuous phases in

this article.

RESULTS AND DISCUSSION

Computational Simulation Results

3D Computational simulations were conducted with the same

geometry and fluid properties of the fabricated flow-focusing

devices. In order to validate the computational results with

experimental results, we compared the droplet size generated in

both the simulation and experiment with the same parameters.

Figure 2(b) shows the comparison of experimental and numeri-

cal results of the change in the droplet size of 5 wt % GelMA

versus the various flow rate of oil with 3 wt % surfactant and

Figure 2(c) shows the results of 8 wt % GelMA. As shown in

these figures, the droplet size of the simulation results matches

Figure 1. Design and fabrication of a flow-focusing device. (a) Replica molding microfabrication process. (b) Picture of the fabricated device bonded

with a 25 mm by 75 mm glass slide. (c) Schematic of droplet generation in a flow-focusing device. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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well with the droplet size of the experimental results (within

10% confidence interval). The droplet size was decreased by

increasing the flow rate of the continuous phase. The droplet

size of 8 wt % GelMA, which was highly viscous, was not

decreased anymore at a flow rate greater than 30 lL/min [Fig-

ure 2(b)]. The minimum size of 8 wt % GelMA could be

achieved around 40 lm when the flow rate of the dispersal

phase was 2 lL/min.

Droplet Formation Mechanism

Three different regimes: squeezing, dripping, and jetting occurred

during droplet generation in the flow-focusing devices.39 Figure 3

Table I. Fluid Properties of Mineral Oil, Hexadecane, and GelMA

Density (kg/m3) Viscosity (mPa s)
Interfacial tension between
oil and GelMA at 20 8C (mJ/m2)

GelMA 5% wt 1300 2.8

GelMA 8% wt 1500 4.9

Mineral oil 870 27 50

Mineral oil 1 3% surfactant 890 30 5

Mineral oil 1 20% surfactant 1120 57.7 5

Hexadecane 780 3.3 50

Hexadecane 1 3% surfactant 1020 4.2 5

Hexadecane 1 20% surfactant 1080 6.7 5

Viscosity and density of each case were measured at room temperature. The interfacial tension for mineral oil-GelMA in the concentration range of 0–
3% surfactant (span 80) is 50–5 mJ/m2.44 Since more than 3% surfactant does not change the interfacial tension, the interfacial tension for mineral
oil-GelMA with the 20% surfactant is approximately 5 mJ/m2. The interfacial tension for hexadecane-GelMA in the concentration range of 0–3% sur-
factant (span 80) is 50–5 mJ/m2.45 Since more than 3% surfactant does not change the interfacial tension, the interfacial tension for hexadecane-
GelMA with 20% surfactant is approximately 5 mJ/m2.

Figure 2. Detail of computational domain used for numerical simulation and validation of the proposed model with experimental results are presented. (a)

Boundary condition and geometry of the flow-focusing device used in computational simulation. (b) Diameter of GelMA microgels (5 wt %) under the various

flow rates of continuous fluid, mineral oil with 3 wt % surfactant (Span 80). (c) Diameter of GelMA microgels (8 wt %) under the various flow rates of continu-

ous fluid, mineral oil with 3 wt % surfactant (Span 80). Flow rate of the disperse phase (GelMA) was 2 mL/min. For the experimental data, n 5 5 droplets and

error bar 6 standard deviation for each condition. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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shows snapshots of the droplet generation from experiments

under the three regimes. In the squeezing regime, droplets were

generated in the orifice channel [Figure 3(a)]. This regime

occurred when the flow rate and viscosity of fluids were low. In

this regime, the dispersed phase flow (GelMA) enters into the

orifice and block the channel, resulting in an increase of the

upstream hydrostatic pressure [pressure at point 1 in Figure

3(b)] in order to sustain the constant flow rate. The diameter of

the droplet, in this case, was greater than the diameter of the ori-

fice channel. Figure 3(b) shows the computationally simulated

result of the squeezing regime. The simulation was conducted to

visualize the physics of droplet generation during squeezing. The

pressure change, in color, is shown in Figure 3(b). It was found

that during the squeezing regime, when the dispersed phase

blocked the channel, the pressure at point 1 built up to 2 kPa.

When the dispersed phase blocks the channel in the squeezing

regime, the difference between before [point 1 in Figure 3(b)]

and after [point 2 in Figure 3(b)] the cross-junction pressure was

around 0.8 kPa. Thus, the droplets break up in the squeezing

regime because of the pressure build-up at the cross-junction.

Garstecki et al. investigated the mechanism governing the squeez-

ing regime in a flow-focusing device when the disperse phase is a

gas.41,42 Gas droplets were generated in a flow-focusing device at

low flow rates which matches well with the results of generating

hydrogel droplets at low flow rates. Both studies demonstrated

that droplets can be generated at low flow rates under the

squeezing regime.

During the dripping regime (shown in Figure 4) the viscosity of

the continuous phase was much greater than the dispersed

phase. In this case, droplets broke because of Rayleigh-Plateau

instability.43 In fact, the dispersed phase fluids tended to mini-

mize its surface tension energy by forming a spherical shape.

Therefore, the neck was formed by the continuous phase fluid,

which dragged the dispersed phase fluid to the orifice channel.

When the viscosity of the continuous phase fluid overcame the

interfacial force of the disperse phase, the droples were cut off

[Figure 4(a)]. The droplets were smaller than the width of the

orifice channel. Figure 4(b) shows the computationally simu-

lated results of the dripping regime. In the dripping regime, the

pressure does not change much before or after droplet genera-

tion. The difference between before [point 1 in Figure 4(b)] and

after [point 2 in Figure 4(b)] the cross-junction pressure is

around 0.4 kPa, which is smaller than the squeezing regime (0.8

kPa), and droplets breakup in this regime because of the

Rayleigh-Plateau instability theory.

In the jetting regime (shown in Figure 5), the thin stream of

the dispersed phase was created and droplets were finally cut off

in the expansion chamber as a result of Rayleigh-Plateau insta-

bility. This regime occurred when the viscosity of the continu-

ous and dispersed phases were both high. The viscosity of the

continuous phase dragged the dispersed phase, but the forma-

tion of the droplets were suppressed because of the high viscou-

sity of the dispersed phase, resulting during the jetting regime.

Various Parameters for Controlling Droplet Size

In order to study the effect of surface tension on droplet gener-

ation, hexadecane, and mineral oil without surfactant were

compared with hexadecane and mineral oil with 3% surfactant

(Span 80). By adding surfactant up to 3% to the fluid, the sur-

face tension of the continuous phase liquids was dramatically

decreased. However, it did not change the viscosity of the

liquids. The values of surface tension for each case are shown in

Table I.

The diameters of the droplets created by mineral oil and hexa-

decane, with different percentage of surfactant, are shown in

Figure 6. Comparing the results of hexadecane without surfac-

tant, hexadecane with 3% surfactant, mineral oil without surfac-

tant, and mineral oil with 3% surfactant shows that when

surface tension between two immiscible fluid drops, the size of

droplets were decreased. In addition to the effect of surfactant

Figure 3. Droplet generation during the squeezing regime. (a) Three representative snapshots were taken the experiments. 5 wt % GelMA was used for

the dispersed phase and oil with 3 wt % surfactant (span 80) was used for the continuous phase. The flow rate of the dispersed phase (Qd) and the flow

rate of continuous phase (Qc) was 2 lL/min and 5 lL/min, respectively. Scale bar 5 100 lm. (b) Numerical results of droplet generation during the

squeezing regime in flow-focusing device. The flow rate of the dispersed phase (Qd) and continuous phase (Qc) was same as experiments. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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on decreasing the size of droplets, uniform monodisperse drop-

lets were created by adding the surfactant to the continuous

phase. The polydispersity index, defined as the ratio between

the standard deviation and the mean diameter of particles mul-

tiplied by 100, for all the cases were calculated and summarized

in Table II. Droplets that were created without the surfactant

easily merged after generation, resulting in nonuniform droplet

sizes [Figure 7(a)].

In order to study the effect of the dispersed phase viscosity

(GelMA concentration), two different solutions of GelMA 5 wt %

[Figure 6(a,c)] and 8 wt % [Figure 6(b,d)] were carried out. It

was found that the generated droplet diameters were very sensitive

to the concentration of GelMA. Comparing the cases with the

same continuous phase, but different GelMA concentration (as

their dispersed phase), it was found that droplet size increases by

increasing the GelMA concentration. This suggests that the size of

the droplet does not only depend on the viscosity of a continuous

phase, but also depends on GelMA concentration. In addition, the

jetting regime observed, when GelMA 8 wt % and mineral oil

with 20 wt % surfactant (for the dispersed phase and the continu-

ous phase, respectively) were used, due to the high viscosity of

the continuous phase fluid and dispersed phase fluid [Figure

6(d)]. Using a higher concentration of GelMA makes the inertia

force of the dispersed phase to be considerable, which results in

creating a jetting regime. In this study the flow rate of hydrogel

prepolymer solution kept constant at 2 lL/min in order to pre-

vent the formation of jetting regime. At higher flow rate of hydro-

gel prepolymer solution, the inertia force of dispersed phase fluid

(hydrogel prepolymer solution) becomes dominate and the Web-

ber number of disperse phase is more than (We >1), resulting in

a stream of jet.

The effect of viscosity of the continuous phase was studied by

comparing cases of mineral oil and hexadecane with 3% surfac-

tant (l 5 4.2 mPa�s) and 20% surfactant (l 5 6.7 mPa�s). Add-

ing more than 3% surfactant to the fluid will not change the

interfacial tension between the dispersed phase fluid and the

continuous phase fluid because of Micelle effect.46 However, it

increases the viscosity of the fluids dramatically. Figure 6(a,b)

show droplet sizes when hexadecane was used as a continuous

phase. Comparing hexadecane with 3% surfactant and 20% sur-

factant shows that the size of the droplets was decreased by

increasing the viscosity of the continuous phase (the amount of

surfactant). Also, the same results are shown by comparing the

mineral oil and hexadecane (Figure 6), since the viscosity of

Figure 5. Two snapshots of droplet generation during the jetting regime. 8 wt % GelMA was used for the dispersed phase and oil with 20 wt % surfac-

tant (span 80) was used for the continuous phase. The flow rate of the dispersed phase (Qd) and flow rate of the continuous phase (Qc) was 2 lL/min

and 40 lL/min, respectively. Scale bar 5 100 mm.

Figure 4. Droplet generation during the dripping regime. (a) Three representative snapshots were taken the experiments. 5 wt % GelMA was used for

the dispersed phase and oil with 3 wt % surfactant (span 80) was used for the continuous phase. The flow rate of the dispersed phase (Qd) and the flow

rate of continuous phase (Qc) was 2 lL/min and 20 lL/min, respectively. Scale bar 5 100 mm. (b) Numerical results of droplet generation during the

dripping regime in flow-focusing device. The flow rate of the dispersal phase (Qd) and flow rate of the continuous phase (Qc) was same as experiments

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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hexadecane is much less than mineral oil while the surface ten-

sion of mineral oil and hexadecane is almost the same. In addi-

tion, the high viscosity of the continuous phase fluid caused the

dispersed phase fluid to stretch into long thin streams. At high

viscosity of continuous phase, it is difficult to fabricate 8 wt %

GelMA. However, higher concentration of GelMA is required

for fabricating stiffer microgels in some applications. In addi-

tion, UV exposure time to crosslink the hydrogel is decreased

with higher concentration of GelMA, resulting in higher cell

viability for cell-laden hydrogel application. According to Figure

6, small 8 wt % GelMA droplets could be created when less vis-

cous continuous phase fluid (e.g., hexadecane) was used. When

hexadecane used as a continuous phase, due to the low viscosity

of the hexadecane, GelMA droplets of two different concentra-

tions (5 wt % and 8 wt %) were created through the squeezing

regime. These results show that hexadecane could be a good

Figure 6. GelMA droplet sizes versus various flow rate of oil. (a) 5 wt % GelMA was used for the dispersed phase, and Hexadecane with different con-

centration of surfactant, 0 wt %, 3 wt %, and 20 wt %, was used for the continuous phase. (b) 8 wt % GelMA was used for the dispersed phase, and

Hexadecane with different concentration of surfactant, 0 wt %, 3 wt %, and 20 wt %, was used for the continuous phase. (c) 5 wt % GelMA was used

for the dispersed phase, and mineral oil with different concentration of surfactant, 0 wt %, 3 wt %, and 20 wt %, was used for the continuous phase.

(d) 8 wt % GelMA was used for the dispersed phase, and mineral oil with different concentration of surfactant, 0 wt %, 3 wt %, and 20 wt %, was used

for the continuous phase. The flow rate of the dispersed phase was kept constant in all cases at 2 mL/min. The flow rate of the continuous phase was

changed in range of 5 mL/min–10mL/min. The number of measurement for droplet size is five and standard deviation is shown for five droplets in each

cases. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. The Polydispersity Index Was Summarized for All the Cases

Fluids conditions 5 lL/min 10 lL/min 20 lL/min 30 lL/min 40 lL/min

5 wt % GelMA and Mineral oil with 3 wt % surfactant 3.2% 4.6% 4.5% 9.6% 2.3%

5 wt % GelMA and Mineral oil with 20 wt % surfactant 3% 2.8% 8% 10% Jetting

8 wt % GelMA and Mineral oil with 3 wt % surfactant 3.5% 5.2% 3.2% 6% 8%

5 wt % GelMA and Hexadecane with 3 wt % surfactant 3.8% 2.3% 3.2% 2.9% 2.6%

5 wt % GelMA and Hexadecane with 20 wt % surfactant 2.4% 4% 3.4% 7.1% 12.7%

8 wt % GelMA and Hexadecane with 3 wt % surfactant 2.4% 2.9% 3.45 3.9% 8.3%

8 wt % GelMA and Hexadecane with 20 wt % surfactant 4.5% 4.5% 3.1% 3.6% 4.2%

Two different concentrations (i.e., 5 and 8 wt %) of GelMA as the dispersed phase was used. Two different oils (i.e., Mineral oil and hexadecane) with
various amounts of surfactant (span 80) were used as the continuous phase. The flow rate of dispersed phase was constant (2 lL/min) for all the
experiments while the flow rates of continuous phase were between 5 lL/min and 40 lL/min.
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option for fabricating high concentration of hydrogel droplets

in tissue engineering application. Moreover, hexadecane presents

high biocompatibility using as a continuous phase for fabricat-

ing cell-laden alginate droplets.47

Figure 8 shows the effect of the flow rate for the continuous

phase. The sizes of the droplets were dramatically decreased by

increasing the flow rate of a continuous phase. By increasing

the flow rate of the continuous phase, the viscosity of the con-

tinuous phase increased, thus, the high viscosity of the continu-

ous phase suppressed the dispersed phase fluid, resulting in the

small size of droplets.

Characterization of Hydrogel Droplet Generation Regime

Figure 9 shows a phase diagram of GelMA droplet generation

observed through the experiments. Capillary numbers of each

experiment were calculated and plotted in Figure 9 to predict

the formation of GelMA droplets or a jet stream in a flow-

focusing device. In flow-focusing geometry, nondimensional

capillary numbers are important in describing the transition

between the dripping and the jetting regime, because the viscos-

ity of the continuous phase and the interfacial force are more

important than the inertia force in flow-focusing devices. The

capillary number of the continuous phase Cac 5 lm/r and dis-

perse phase Cad 5 lm/r described in Figure 9 shows the range

of formation of each regime. The result show that at very low

capillary numbers of continuous (Cac< 10 22) and dispersed

phase fluids (Cad< 10 22), the squeezing regime happens and

droplets are created at a size bigger than the width of the chan-

nel. When 10 22<Cac< 10 21 and Cad< 10 22, the dripping

regime happens and the droplets are created at a size smaller

Figure 8. GelMA microgels generation in flow-focusing device under various flow rate of the continuous phase, (a) Qc 5 5 mL/min, (b) Qc 5 10 lL/min,

(c) Qc 5 20 lL/min, and (d) Qc 5 30 lL/min. 5 wt % GelMA was used for the dispersed phase and mineral oil with 3 wt % surfactant (Span 80) was

used for the continuous phase. Flow rate of dispersed phase was Qd 5 2 lL/min. Scale bar 5 200 lm.

Figure 7. Effect of surfactant on the droplet generation. 5 wt % GelMA was used for the dispersed phase with two different solution for the continuous

phase: (a) mineral oil without surfactant (b) mineral oil with 3 wt % surfactant. Flow rate of GelMA and flow rate of the continuous phase was 2 mL/min

and 10 mL/min, respectively. Scale bar 5 100 lm.
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than the width of the channel. At high capillary numbers of

continuous phase fluid (10 21 < Cac< 10) and Cad< 10 22, the

thin jet stream of the dispersed phase fluid is created. The

results show that the transition from dripping regime to the jet-

ting regime happens at Cac � 10 21. This phase diagram pro-

vides a comprehensive study of hydrogel droplet generation in

tissue engineering application. The capillary numbers of jetting

and dripping regime observed from different studies23,39 is also

shown in the phase diagram. According to the results,39 most of

capillary numbers of aqueous phase observed in their experi-

ments were in range of Cad> 10 22. However, due to the vis-

cosity of hydrogels (the viscosity of 5 wt % GelMA is 2.8 mPa�s
and 8 wt % GelMA 4.9 mPa�s), GelMA prepolymer droplets

cannot be created in even relatively low capillary number of the

dispersed phase (Cad � 10 22). Therefore, the results from the

previous studies for droplet generation of water in oil are not

applicable for hydrogel droplet generation for tissue engineering

application. This phase diagram provides a comprehensive study

of hydrogel droplet generation in tissue engineering application.

CONCLUSIONS

In this article, we discussed the effect of fluid properties, includ-

ing viscosity, density, and surface tension as well as the flow

rate of the dispersed phase for hydrogel droplet generation in

the flow-focusing devices. GelMA prepolymer solution with two

different concentrations, 5 wt %, and 8 wt %, were used for the

dispersed phase. Two different oils, hexadecane, and light min-

eral oil, with different concentration of surfactant, 0 wt %, 5 wt

%, and 20 wt %, were used for the continuous phase. Experi-

ments were carried out using different flow rates of continuous

phase to study the influence of effective forces on droplet gener-

ation. Three different regimes (squeezing, dripping, and jetting)

were investigated via simulation and characterized by experi-

ments. All the results were summarized in two none dimen-

sional numbers, Cac and Cad, to determine the range of the

squeezing, dripping, and jetting regimes. It was found that the

concentration of GelMA dramatically affected the creation of

droplets during the jetting regime. The results show that the

size of the droplets created using mineral oil at a continuous

phase are much smaller than those created using hexadecane at

a continuous phase, because of the higher viscosity of the min-

eral oil. By controlling the flow rate of the two phases, the type

of oil, and the concentration of surfactant, the droplet size of

the phase with different GelMA concentrations can be manipu-

lated between 30 lm and 250 lm, which will be very useful to

further control the number of encapsulated cells and their

nearby microenvironment.
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