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ABSTRACT

Droplet-based microfluidics is a valuable tool in interdisciplinary research fields like cell biology and diagnostics. Newtonian fluids, like
aqueous-based solutions, are commonly used for droplet generation. However, non-Newtonian fluids, e.g., hydrogels, are becoming increas-
ingly popular as the dispersed phase. In this study, we investigate the dynamics of non-Newtonian ultra-low-gelling agarose droplet forma-
tion under different conditions to evaluate stability, with an aim to better understand the underlying physics of droplet formation. We varied
the agarose gel concentration, temperature (40, 50, and 60 °C), and the flow rate ratio (¢) between the continuous and dispersed phase and
observed droplet formation dynamics in the squeezing regime (capillary number, Ca, < 0.015) in a T-junction under different flow condi-
tions. We experimentally investigated the droplet size (Lp/w) as a function of those four parameters and found that Lp/w depends strongly
on ¢, the agarose concentration, and temperature (which affects the viscosity ratio, 1), but is only weakly dependent on Ca.. We then con-
firmed our experimental findings with numerical simulations, which showed good agreement across all conditions. We numerically showed
that the agarose droplet formation process consists of five stages, namely, filling, necking, pinching, threading, and breakup, where threading
is an additional stage with a non-Newtonian dispersed phase. Finally, with numerical simulation, we concluded that threading length (/,cqq)
is directly proportional to ¢ and has a complex relation with agarose concentration, and temperature.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0255319
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I. INTRODUCTION

Droplet-based microfluidics is a subfield within microfluidics that
focuses on the controlled generation,"” splitting,”® merging,”* trap-
ping,”'” and analysis of isolated fluid droplets (dispersed phase) within
a continuous, immiscible phase, usually oil. These droplets, typically
ranging in volume from nanoliters (nl) to femtoliters (fl), can be pre-
cisely controlled by varying the channel geometry, fluid properties, and
the flow rates of the continuous and dispersed phases.'’ The ability to
have individual droplets without cross-contamination makes droplet-
based microfluidics an ideal “test tube” for interdisciplinary applica-
tions, ranging from single-cell analysis,"* cell interaction studies,” and
particle manipulation'” to diagnostic assays.* By enabling high-
throughput screening, droplet microfluidics has created new opportu-
nities for research in biology' ' and chemistry'” at nL to fL scale.'®

The most commonly used geometries for droplet generation in a
two-phase microfluidic system include T-junction,'’ Y-junction,"’
flow-focusing,”” and co-flowing devices.”' The two immiscible phases

interact at a junction in these geometries to continuously produce
monodispersed droplets. Beyond these passive methods, droplet gener-
ation can also be achieved through active techniques, where external
sources of energy in addition to channel geometry and flow properties,
such as electric,”” acoustic,”””" or magnetic fields,”” are used to control
droplet generation.” The droplet generation process can be classified
into three regimes, namely, squeezing, dripping, and jetting—each
defined by the forces involved in achieving the droplet generation.'"*
In the squeezing regime, pressure build-up across the interface
upstream and downstream is the dominant factor in overcoming sur-
face tension forces to produce a droplet [Capillary number Ca < 0.015
(Ref. 26)] In the dripping regime, pressure build-up and shear stress
are critical in overcoming surface tension forces to generate droplets
(Ca>0.015). Conversely, in the jetting regime, the dispersed phase
flows parallel to the continuous phase downstream from the junction,
generating droplets farther away. The physics of the jetting regime,
however, remains less explored.
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Several studies have explored the physics of droplet generation
when both the continuous and dispersed phases are Newtonian,” i.e.,
where both fluids exhibit a linear relationship between shear stress and
shear rate. In contrast, when one or both phases are non-Newtonian,
the relationship between shear stress and shear rate is not linear, result-
ing in complex rheological behavior that varies with the shear rate.
Non-Newtonian fluids can be classified as shear-thinning, shear-thick-
ening, Bingham plastics, viscoelastic, and thixotropic.””*” Given the
interdisciplinary nature of droplet microfluidics, there is an increasing
application of non-Newtonian gels as dispersed phases in cell culture,”
chemical analysis,”’ drug testing,”* single-cell analysis,”* and tissue
engineering.”” Common examples of these non-Newtonian gels
include agarose,’;(’ alginate,37 polyacrylamide,38 GelMA,” PEG," and
collagen.”' Consequently, there is a need to investigate the physics of
these systems in droplet-based microfluidics to characterize the
regimes and stability of droplet generation under varying flow condi-
tions, temperatures, and gel viscosities as the physics of droplet genera-
tion involving non-Newtonian phases is far less explored compared to
that of Newtonian fluids.

Chiarello et al.* investigated the dynamics of droplet formation
using a shear-thinning xanthan solution and concluded that droplet
size depends on the effective Ca, calculated by taking into consider-
ation the shear-dependent viscosity of the xanthan solution. Similarly,
Cao et al.*’ numerically studied droplet formation with sodium algi-
nate as a shear-thinning solution in flow-focusing devices, demonstrat-
ing that Ca influences the transition from the dripping to jetting
regime, which is crucial for monodisperse droplet production. Du
et al”* found that the dynamics of shear-thinning fluids in flow-
focusing devices closely resemble those of Newtonian fluids and exper-
imentally investigated the rheological properties of the shear-thinning
fluid and flow conditions to study the dynamics of droplet generation.
Rostami and Morini,”” in their study of Newtonian and non-
Newtonian droplets, observed that the transition from the squeezing to
the dripping regime is influenced by the Ca of the continuous phase.
Khater et al.*° used non-Newtonian agar gel as a dispersed phase and
concluded that droplet size and regime depend on Ca, flow rate ratio,
and agar concentration. Connecting results from earlier literatures, we
realized that specifically non-Newtonian agarose gel droplet generation
against different flow and thermal conditions in squeezing regime is
not explored in detailed way. Given that ultra-low-gelling agarose is
one of the most commonly used gels for interdisciplinary research
applications as a dispersed phase and its properties are highly sensitive
to thermal conditions, we selected ultra-low-gelling agarose for this
study, investigating it through both experimental and numerical
approaches.

In this study, we used both experimental and numerical
approaches to investigate the dynamics of droplet generation in non-
Newtonian ultra-low-gelling agarose gel. Specifically, within the
squeezing regime, aiming to understand how factors such as gel con-
centration, flow rate ratio, temperature, viscosity ratio, and the under-
lying mechanisms influence droplet size and stability during
generation. We specifically focused on the squeezing regime since, in
droplet microfluidics, the squeezing regime (Ca, < 0.015) generates
uniform and stable droplets. To examine the role of agar concentra-
tion, we selected two concentrations, 0.5% and 2%, to assess how vary-
ing gel viscosities impact the droplet formation process. Additionally,
we tested each concentration at three different temperatures, 40, 50,
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and 60°C, to capture the effects of temperature on agarose viscosity
and gelling properties. By carefully varying the flow conditions within
the squeezing regime, we evaluated how the flow rate ratio (¢») and vis-
cosity ratio (1) between the continuous and dispersed phases affect the
droplet generation dynamics experimentally. We compared our
numerical model with the experimental results, and they were found
to be in good agreement. Later, we used our numerical model to inves-
tigate the dynamics of agarose gel droplet formation. Our results pro-
vide insights into the stability and consistency of droplets across a
range of conditions, offering valuable information for applications
involving non-Newtonian gels, where factors like concentration and
temperature are critical for maintaining droplet stability. Through this
approach, we aim to expand the understanding of droplet generation
dynamics in non-Newtonian systems, laying the groundwork for
improved design and control in microfluidic applications that utilize
agarose and similar biocompatible gels.

Il. MATERIALS AND METHODS

A. Microfluidic device design, fabrication, and
experimental setup

The microfluidic device is designed for the generation of ultra-
low-gelling agarose droplets. It consists of two main sections: a
standard T-junction for droplet formation, placed on a hot plate
(maintained at 40, 50, or 60 °C depending on the experimental condi-
tion), and a storage/cross-linking section on a Peltier cooler set to
10°C. The device has two inlets: one for the continuous phase, consist-
ing of light mineral oil (Sigma-Aldrich, USA) with 2% PGPR (polygly-
cerol polyricinoleate, Danisco) as surfactant, and another inlet for the
dispersed phase, which is ultra-low-gelling agarose hydrogel (Sigma-
Aldrich) in phosphate-buffered saline (PBS) solution. The agarose con-
centration is either 0.5% or 2% by weight in PBS.

The continuous phase inlet channel has a width of 160 um, while
the dispersed phase inlet channel is 80 um wide, with both channels
having a height of 150 um. The device’s master mold was fabricated
using an ASIGA 3D printer MAX X27. A 10:1 PDMS (polydimethylsi-
loxane) base-to-curing-agent mix (Sylgard 184) was poured on the
mold and cured at 60 °C for 2 h. After curing, the PDMS replica was
punched with a 0.75mm tool (Welltec) and bonded to a glass slide
(epredia) using a plasma oven (Diener Electronic, Germany) with
1 min of air-plasma treatment. A pressure pump (Elveflow OB1 MK4)
was used to drive both phases, with the dispersed phase kept in an
Eppendorf tube on a heating block at 40, 50, or 60 °C, depending on
the experimental setup, as shown in Fig. 1.

B. Preparation of ultra-low-gelling agarose hydrogel

To prepare agarose gel, ultra-low-gelling point agarose powder
(A5030, Sigma-Aldrich, USA) was weighed into an Eppendorf tube,
and the required amount of PBS was added based on the agarose con-
centration required. The mixture was allowed to swell at room temper-
ature for 45min and then mixed briefly with a vortex mixer. It was
then heated in a 70 °C heating block for an hour, with mixing every
10min for complete solubility of agarose powder in PBS. The gel’s
clarity was checked to confirm homogeneity: a clear appearance indi-
cated complete dissolution, while a cloudy look with undissolved par-
ticles suggested incomplete mixing. For immediate use, the heating
block was set to 40 °C to cool the gel to this temperature. For later use,
the gel was stored at 4 °C and reheated to 60 °C when needed.
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FIG. 1. Experimental setup for non-Newtonian agarose gel droplet formation in a
two-phase microfluidic system. (a) Image of the actual setup, highlighting the micro-
fluidic chip with inlet tubing for the continuous and dispersed phases, the outlet,
heating plate, and Peltier cooler to facilitate agarose gel cross-linking. (b) and (c)
Schematics illustrating the experimental setup components and flow design.

C. Measurement of rheological properties

The viscosity of ultra-low-gelling point agarose gel in PBS and
light mineral oil with 2% PGPR was measured with flow sweep mea-
surements on a Rheometer H10 (Discovery Series, TA Instruments),
using a 20-mm-diameter geometry and Peltier plate, with 500 um gap.
The temperature was kept at 40, 50, or 60 °C, and the shear rate varied
from 0.1 to 1000s . All the samples were kept at 40°C before mea-
surements. 300 ul was loaded for the agarose gels and 250 pd for the oil.
Silicone oil AR 20 (Sigma-Aldrich) was applied around the sample, to
avoid evaporation during experiments. All measurements were per-
formed in triplicate. All the plots of viscosity against the shear rate are
provided in supplementary material in Fig. S1. The agarose gel’s

(a) (b)

* Agarose gel

inlet

Mineral oil with
2% PGPR inlet

Flow outlet
(P=0)
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viscosity vs shear rate was fitted into power law dependency to obtain
consistency index (ftq0) and power law index (n) for each temperature
and agarose concentration and are provided in supplementary material
Tables S1 and S2.

D. Data processing

A stereo microscope (Olympus, SZ61-TR) with a digital camera
(Sony Exmor, CMOS) was used to record videos of each experiment.
These videos were processed in Image] to measure droplet length (Lp),
channel width (w), and speed of droplets. The dimensionless size of
the droplet was calculated by taking the ratio of Lp/w. The frame rate
of the video was calculated by dividing the total number of frames
recorded in the video by the total time of the video and found to be in
the range of 100-200 frames per second (fps). For better control of
agarose flow, we used a pressure control system (Elveflow OB1 MK4)
and converted pressure values to specific flow rates for the continuous
(Q.) and dispersed (Q,) phases. The flow rate of the dispersed phases
was calculated using the total volume of the droplet generated and the
frequency of droplet generation, while the flow rate of the continuous
phase was calculated by subtracting the flow rate of the dispersed phase
from the total flow rate. The flow rate ratio was calculated as ¢ = %,

and since the disperse phase is non-Newtonian and follows a power-
law dependency, we calculated the viscosity ratio (1) as 4 = ’%’, where

Udo is the consistency index of the dispersed phase and p. is the viscos-
ity of the continuous phase. The corresponding Capillary number
(Ca,) of the continuous phase was calculated as Ca, = “ ‘f,v“, where
V. and o represent the velocity of the continuous phase and the surface

tension between the continuous and discontinuous phase.

E. Numerical setup

A three-dimensional T-junction microchannel with dimensions
as shown in Fig. 2(a) is considered to investigate the dynamics of the
droplet generation. Due to symmetry, only half (y < 0) of the physical
domain is simulated. We have considered both the continuous and the
dispersed phases to be incompressible. The governing equations for
the two-phase flow are given by

Vau=0, (D)

FIG. 2. Schematic of the computational
setup and mesh for the study. (a)
lllustration of the computational model,
including boundary conditions at the oil
and agarose inlets, outlet, channel walls,
and symmetry planes, with L, W, and H
representing the channel’'s length, width,
and height. (b) Mesh configuration used in
the computational analysis, with a zoomed
view detailing the mesh structure at the T-
junction.
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p {0—‘: + (u.V)u} = —Vp+ V.t +Fy, @)

where p, u, p, 7, and Fy; are density, velocity vector, pressure, viscous
stress tensor, and interfacial force, respectively. The viscous stress ten-
sor T is given by T = uj, where y is the viscosity and 7 = Vu + Vu”
is the shear rate. To track the interface, the level set method is used as
it has shown very stable and accurate interface-capturing capabili-
ties.”” " We have considered a conservative level set approach to
ensure that the volume bound by the interface is conserved (i.e., veloc-
ity is divergence-free). The level set function ¢ takes a value of 0 for
one phase and 1 for the other phase. The function follows a smooth
transition from 0 to 1 across the interface with ¢ = 0.5 representing
the interface. The interfacial force at the oil-gel interface is given by

F,; = oxon, (3)

where ¢ is the surface tension, k = —V.n is the curvature, and n
= ‘g—gl 005 is the outward unit normal vector at the interface. 0 is the
Dirac delta function and its value is zero everywhere except at the
interface.

The density and the viscosity of the fluid also vary smoothly

across the interface as

p=pqt (Pc— Pa)oP, (4)
W= g+ (fe = Ha)P- (5)

Here, ¢ = 0 and ¢ = 1 represent properties of agarose gel (subscript
d) and oil (subscript c), respectively. The level set function is obtained
by solving the following equation:

% + V.(up) = aV. (qu) —¢(1—09) %), (6)
where « is the reinitialization parameter and y is the parameter con-
trolling the interface thickness. Note here, the right-hand side of Eq.
(6) should ideally be zero and it is only used for numerical stability. In
our present study, y is taken as half of the maximum mesh size and o
is taken as the maximum value of the velocity magnitude. We modeled
the oil phase as a Newtonian fluid, whereas the agarose gel was mod-
eled as a non-Newtonian power-law fluid. Therefore, oil phase viscos-
ity () does not depend on shear rate and is constant at a specific
temperature. On the other hand, gel phase viscosity is expressed as
Uy = ,udo(y)"*l, where py, is the agarose gel flow consistency index
and 7 is the power-law index.

The above specified governing equations are solved using the fol-
lowing boundary conditions: (i) at agarose gel inlet (¢ = 0), average
gel flow velocity is specified, (ii) at mineral oil with 2% PGPR inlet
(¢ = 1), average oil phase velocity is specified (iii) at flow outlet, zero
pressure is prescribed and (Vo — ¢(1 — @) ‘g—%).n =0, (iv) at
y=0, symmetry boundary condition is used, and (v) at all other
boundaries, wetted wall having contact angle 135° is specified.

The governing equations along with the specified boundary con-
ditions are solved using COMSOL Multiphysics 6.1, where we consider
Wi;=80 um , W=150 um , H =160 um , L,, = 1200 um , L.
=220 ym , Ly = 400 um , and p, = 838.4 kg/m’>. A constant surface
tension of ¢ = 14 mN/m”" has been considered throughout the study,
as earlier works'*”” indicate that the interfacial tension between light
oil and agarose gel shows negligible variation across agarose
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concentrations of 0.5%-2% and temperatures ranging from 40 to
60 °C. For 0.5% agarose gel concentration, dispersed phase density has
been taken as p; = 950.87,"° whereas for a concentration of 2.0%, it is
taken as p; = 1003.2 kg/m®. The viscosities of the oil and gel phases
show a strong temperature dependence, and their values are obtained
from the rheological measurement data (see Fig. S1).

It is well established that the accuracy and efficiency of numerical
solutions are strongly influenced by the mesh sizes used in the numeri-
cal studies. While smaller mesh sizes yield more accurate solutions,
they also significantly increase computational demands. Therefore, an
optimal mesh is selected through a mesh independence study, balanc-
ing accuracy, and computational cost. In this study, quadrilateral
meshes were utilized, where rectangular meshes were initially gener-
ated on one side (on the y = 0 plane) with a maximum element size
Ahpax, and a mesh sweep was performed along the y direction, discre-
tizing half the channel depth into equally sized elements. Four compu-
tational meshes (i.e., M1-M4) were generated by gradually increasing
the number of elements from 34000 to 387000. The droplet size
(Lp/w) was subsequently estimated for 0.5% and 2.0% agarose solu-
tions at 40 and 60 °C under flow rate ratios of 0.1 and 1, as summa-
rized in Tables T and II. A comparative analysis revealed that the mesh
M3 comprising of 288000 elements and Ahy, = 1.2 um yielded
results with a relative error less than 0.2%. Based on this high-level
accuracy, we used this mesh for all the simulations reported in the
study. The time step (At) employed in this study has been carefully
determined based on the estimation of the Courant number, which is

defined as: C = AA‘;’"?“, where Up,x represents the maximum fluid
velocity within the domain. To ensure numerical stability and accu-

racy, the Courant number must satisfy the condition C < 1.

I1l. RESULTS AND DISCUSSION
A. Effect of temperature and flow rate ratio (¢)

In this section, we investigated the effect of temperature on the
droplet size (Lp/w). In the first set of experiments, we maintained the
agarose concentration constant and varied the temperature from 40 to
60°C for different values of Ca, and ¢. We plotted this effect of tem-
perature in Fig. 3, where Lp/w is plotted on the left-hand side of the Y
axis against Ca, on the X axis and ¢ on the right-hand side of the Y
axis. Below each plot, representative images from the experimental
conditions illustrate the droplet formation at each temperature.

At 40°C, Fig. 3(a) indicates that lower ¢ correspond to smaller
values of Lp/w, suggesting that the fluid dynamics in the squeezing
regime are strongly governed by ¢, with weak to negligible dependence
on Ca,. Figures 3(b) and 3(c) further illustrate this relationship, show-
ing droplet images obtained at ¢ =0.91 and ¢ =0.68 resulting in

TABLE I. Mesh convergence analysis: effect of mesh size on droplet size (Lp/w) for
0.5% agarose solutions at 40 and 60 °C.

40°C 60°C
Mesh No. of  Ahpax
number elements (um) ¢=01 ¢=10 ¢=01 ¢=1.0

Phys. Fluids 37, 032010 (2025); doi: 10.1063/5.0255319
© Author(s) 2025

M1 34000 2.4 1.475 2.525 1.90 1.97
M2 117000 1.6 1.502 242 1.89 2.77
M3 288000 1.2 1.511 2.415 1.880 2.753
M4 387000 1.1 1.512 2.41 1.878 2.750
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TABLE II. Mesh convergence analysis: effect of mesh size on droplet size (Lp/w) for 2.0% agarose solutions at 40 and 60 °C.
40°C 60°C
Mesh number No. of elements Ahpay (m) ¢=0.1 ¢=1.0 ¢=0.1 ¢=1.0
M1 34000 2.4 1.35 No breakup 1.446 3.085
M2 117000 1.6 1.370 3.06 1.485 3.22
M3 288 000 1.2 1.375 3.08 1.488 3.29
M4 387000 1.1 1.376 3.09 1.49 3.295
0.5 % ultra low gelling agarose
(a) 40°C (d) 50°C (g) 60°C
—— Lp/w —o— Lp/w —— Lpy/w
--#- Flow rate ratio (¢) --m- Flow rate ratio (¢) --®- Flow rate ratio ($)
3.0 2.0 3.0 2.0 3.0 2.0
2.5 n 25- n 250 k/"/k‘ n
J15 2 W J1s € 18 %
Y 8 8 . 7
2 20- i_{\}/(-H 2 \i 200 e i 200 : 3
g‘ = ,,:'. 1'. 8 E..- '5"
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FIG. 3. Effect of temperature (40, 50, and 60 °C) on 0.5% agarose gel concentration on droplet generation in the squeezing regime, studied experimentally. (a), (d), and (g)
Plots of dimensionless droplet size (Lp/w) on the left Y axis and flow rate ratio (¢b) on the right Y axis, against the capillary number of the continuous phase (Ca.) on the X
axis. (b) and (c) Images at 40°C with ¢ =0.91 and ¢ = 0.68, resulting in (Lp/w) values of 2.12 and 1.84, respectively. (e) and (f) Images at 50 °C with ¢»=1.16 and
¢ =0.78, resulting in (Lo /w) values of 2.38 and 2.11. (h) and (i) Images at 60 °C with ¢» = 1.32 and ¢ = 1.06, resulting in (Lp /w) values of 2.77 and 2.48.

Lp/w of 2.12 and 1.84, respectively. As the temperature increases to
50°C, as depicted in Fig. 3(d), we observe that the Lp/w values con-
tinue to rise compared to those at 40 °C. Figures 3(e) and 3(f) show-
case images corresponding to ¢ =1.16 and 0.78, yielding larger
droplet sizes, with measured Lp/w values of 2.38 and 2.11. This
upward trend persists at 60 °C, illustrated in Fig. 3(g), where Figs. 3(i)
and 3(j) present images from experiments at ¢» = 1.32 and 1.06 leading
to the largest observed droplet sizes of 2.77 and 2.48. The experimental
results reveal the interplay between ¢, temperature, and Ca, on Lp/w.
Operating within the squeezing regime, we observed that Ca, has mini-
mal to no impact on Lp/w, whereas ¢ and temperature have a signifi-
cant influence on the size of the droplet formed.

Similar trends were observed for droplet generation with 2% aga-
rose gel concentration at the same temperatures. At 40°C [Fig. 4(a)],
we observe that lower ¢ values result in smaller droplet size (Lp/w),
but the droplets were unstable with high variability, indicating that
this regime is unsuitable for producing monodisperse droplets.

Figures 4(b) and 4(c) show droplets formed at ¢ =0.1065 and
¢ =0.018, with Lp/w values of 1.44 and 1.26, respectively. At 50°C
[Fig. 4(d)], the Lp/w values increase relative to those at 40 °C. Figures 4
(e) and 4(f) show droplets at ¢ =0.23 and ¢ = 0.1365, yielding larger
droplets with Lp/w values of 1.59 and 1.43. Under these conditions,
droplets formed at Ca, < 0.007 remain unstable, exhibiting a large stan-
dard deviation. This upward trend in Lp /w continues at 60 °C, as seen in
Fig. 4(g), with Figs. 4(i) and 4(j) showing droplets produced at ¢ = 0.549
and ¢ = 0.1425, leading to the largest observed droplet sizes of 2.16 and
1.66. At this temperature, droplets are monodispersed and stable.

In summary, for both 0.5% and 2% agarose concentrations, drop-
let size (Lp/w) demonstrates a strong dependence on both ¢ and tem-
perature, while Ca. has minimal impact within the squeezing regime.
Droplets formed at 60 °C are monodisperse and stable, whereas those
at 40 and 50 °C exhibit higher variability and instability.

To examine the combined effects of agarose concentration and
temperature, we plotted the dimensionless droplet size Ly /w against ¢
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FIG. 4. Effect of 2% agarose gel concentration and temperatures (40, 50, and 60 °C) on droplet generation in the squeezing regime, studied experimentally. (a), (d), and (g)
Plots of dimensionless droplet size (Lp/w) on the left Y axis and flow rate ratio (¢) on the right Y axis, against the capillary number of the continuous phase (Cac) on the X
axis. (b) and (c) Images at 40 °C with ¢» =0.1065 and ¢ =0.018, resulting in (Lp/w) values of 1.44 and 1.26, respectively. (e) and (f) Images at 50 °C with ¢ =0.23 and
¢ =0.1365, resulting in (Lp/w) values of 1.59 and 1.43. (h) and (i) Images at 60 °C with ¢» =0.549 and ¢ = 0.1425, resulting in (Lp/w) values of 2.16 and 1.66.

in all the experimental conditions to see how these two parameters are
linked together [see Fig. 5(a)]. We observed that, with ¢, Lp/w
increases linearly. Hence to understand the effect of other parameters
experimentally, we used the ratio [(L4/w)/¢] against temperature and
agarose concentration. We have plotted the overall [(Lg/w)/¢]
obtained across different concentrations (0.5% and 2%) and tempera-
ture conditions (40, 50, and 60 °C), regardless of Ca, (since Ca, has
minimum influence on droplet size in squeezing regime), as discussed
in previous sections and shown in Figs. 5(b) and 5(c). We observed
that an increase in temperature has a complex rheological effect on

[(Lp/w)/¢] for 0.5% and 2% agarose concentrations. An increase in
temperature decreases the viscosity of both oil and agarose gel, while
the increase in agarose concentration increases the viscosity of only the
dispersed phase. Considering this effect, we experimentally observed
that, overall, for 0.5% agarose, the ratio of [(Lp/w)/¢] is maximum at
60°C and minimum at 50 °C, while for 2% agarose gel, this ratio is
maximum at 40 °C and minimum at 60 °C. However, due to the high
standard deviation at 40 and 50 °C along with the unstable droplet
production in this condition, it is difficult to experimentally conclude
the exact effect and we therefore performed numerical studies to

%0 @) . (b) . ()
0.5% agarose gel 2% agarose gel
ar 20r =
2.50
&
g g 1 i g 1
L 3 g . - # 3 :
} 2.0 } * } : ¢ .
d 2 o ST
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1+ 5 el _.
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FIG. 5. (a) Plot illustrating the effect of flow rate ratio (¢)) on dimensionless droplet size (Lp/w) involving all the experimental values. (b) Plot illustrating the effect of tempera-
ture (40, 50, and 60 °C) on the ratio of dimensionless size per flow rate ratio [(Lp/W)/¢p] with concentrations of 0.5% agarose studied experimentally. (c) Plot illustrating the effect
of temperature (40, 50, and 60 °C) on the ratio of dimensionless size per flow rate ratio [(Lp/w)/¢] with concentrations of 2% agarose studied experimentally.
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understand this effect deeper. Droplet generation with 0.5% agarose is
stable and uniform across all the temperatures tested compared to 2%
agarose concentration.

B. Numerical study on dynamics of agarose gel droplet
formation

1. Comparison of numerical study with experiments

We compared experimental and numerical results for the genera-
tion of ultra-low-gelling agarose droplets across various temperatures
(40, 50, and 60 °C) and concentrations (0.5% and 2%). For each con-
centration and temperature condition, at least one experimental case
was validated against the corresponding numerical prediction.
Specifically, we examined the droplet size ratio (Lp/w), as shown in
Fig. 6, which compares the experimental measurements to the numeri-
cal results. In all tested conditions, the results demonstrated strong
agreement: each data point lies near the diagonal line representing
numerical (Lp/w) to experimental (Lp/w) to be 1, indicating close
alignment between experimental observations and model predictions,
except one condition of 0.5% agarose at 60 °C, where numerical simu-
lation underestimates the experimental results. This consistency across
conditions supports the accuracy of our model and validates its ability
to simulate the droplet formation process in agarose solutions under
different temperature and concentration conditions, to a large extent.
The model was hence used to investigate the mechanisms of droplet
formation in ultra-low-gelling agarose.

In addition to the direct comparison of (Lp/w) between experi-
mental and numerical results, we also validated our results by compar-
ing our experimental images with the data obtained from numerical
simulations. We visually validated a total of six conditions which
included various agarose concentrations (0.5% and 2%), temperatures
(40, 50, 60°C), and flow rate ratios (0.08-1.21), see Table S$4 in

3 7
. 0.5% agarose
L@ 2% agarose I.l
3 e
2 )
< 5
5 AT
=z A\ 4o0°cC
Y% 50°C
O 60°C
0 S M M 1 M M L 1 M M N
0 1 2 3

Experimental ( Lp/w)

FIG. 6. A comparison of experimental and numerical studies was conducted to vali-
date the effects of agarose gel concentrations (0.5% and 2%) as the discontinuous
phase and light mineral oil containing 2% PGPR as the continuous phase. The
study examines droplet formation at varied temperatures (40, 50, and 60 °C).

ARTICLE pubs.aip.org/aip/pof

supplementary material. The comparison for each of these conditions
is shown in Figs. 7(a)-7(r), presenting experimental images, numerical
top views, and 3D isometric views at sequential time points (i)-(iii)
arranged vertically.

In both experimental and numerical simulations of ultra-low-gel-
ling agarose droplet generation, the interface between the agarose solu-
tion and the surrounding continuous phase was observed to exhibit
consistent behavior across varying concentrations, temperatures, and
flow rates. The droplet formation sequence, including necking and
eventual pinch-off, was well-captured, revealing smooth transitions
from one regime to the next as shown in Fig. 7. Numerical simulations
closely matched these experimental observations, reproducing the
interface morphology. The simulated interface consistently showed
gradual neck thinning and droplet detachment at time points and
shapes comparable to the experimental data. The good agreement
between experimental and simulated interfaces validates the robustness
of the model, indicating that it can reliably predict interface dynamics
under diverse thermal and concentration conditions, crucial for under-
standing droplet formation in agarose gels.

2. Dynamics of agarose gel droplet formation

We used the numerical model to investigate the dynamics of aga-
rose droplet generation with the help of three parameters that signifi-
cantly influence the droplet size in the squeezing regime: ¢, agarose
concentration, and temperature. In investigating each of these parame-
ters, we kept the remaining parameters constant.

In the first set of numerical simulations, we demonstrated the
effect of flow rate ratio on the droplet formation dynamics. For that,
the agarose concentration was maintained at 0.5%, the temperature at
40°C, and the continuous phase flow rate Qc =5 ul/min, while vary-
ing ¢. Figure 8(a) illustrates that an increase in ¢ leads to an increase
in the numerically predicted droplet size, which aligns well with the
experimental observation. The insets of Fig. 8(a) show the snapshots
from numerical simulations, showcasing droplet generation for various
values of ¢.

In a typical microfluidic T-junction droplet generator, droplet
formation occurs in five primary stages: filling, necking, pinching,
threading, and breakup. In the filling stage, the dispersed phase starts
to fill the main channel up to a maximum distance kg, and there is a
circular segment at the back of the filled region of the dispersed phase
[Fig. 8(b-1)]. As the dispersed phase continues to grow inside the main
channel, the continuous phase pushes the dispersed phase and as a
result, the neck of the dispersed phase starts to shrink. The diameter of
the neck region is denoted by d,..« [Fig. 8(b-ii)]. In the squeezing
regime, the pressure difference across the phases gradually builds up
due to the continued interaction of the two phases, and the pinching
off starts to arise [Fig. 8(b-iii)]. After a critical pinching thickness is
achieved, the droplet detaches from the dispersed phase [Fig. 8(b-v)].
In the present study, with the dispersed phase being non-Newtonian,
an additional threading stage is observed, during which droplet forma-
tion is delayed due to the development of narrow threads or filaments
that connect the emerging droplet to the supply stream.”” " These
filaments, extending over a length, lj,.q.q exhibit exponential self-
thinning, evolving into nearly uniform cylindrical structures that pro-
gressively diminish in diameter until rupture, ultimately leading to
droplet breakup at a distance, Ly, [Fig. 8(b-iv)]. This behavior is
predominantly governed by the rheological properties of the
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FIG. 7. Visual comparison of experimental and 3D numerical studies for the three critical steps (filling, pinching, and breakup) in droplet generation with varying agarose con-
centrations (0.5% and 2%), temperatures (40, 50, and 60 °C), and flow rate ratios (¢). Panels (a)-(c) show 0.5% agarose gel at 40 °C with experimental images, numerical top
views, and 3D isometric views at ¢ =0.85, followed by sequential time points (i)—(iii) vertically. Panels (d)—(f) and (g)—(i) show similar results for 0.5% agarose at 50 °C
(¢ =1.21) and 60 °C (¢p = 0.96), respectively. Panels (j)—(r) illustrate 2% agarose gel at 40 °C (¢ = 0.11), 50 °C (¢» = 0.08), and 60 °C (¢p = 0.55).

non-Newtonian fluid, including elasticity, viscoelasticity, and shear-
thinning characteristics.

Figures 8(c) and 8(d) shows the effect of ¢) in governing the drop-
let formation dynamics. We simulated the two-phase system by keep-
ing Q.= 5 pul/min and varying the Q to vary ¢. We take p.=0.015,
Uao=0.15Pa s, and n=0.45. All other parameters are kept unaltered
for these investigations. We observe that with increasing ¢, the droplet
formation process accelerates which is attributed to the increase in
total flow rate. In addition, an increase in ¢ results in increased droplet

size due to increased dispersed phase velocity compared to the contin-
uous phase. Moreover, the dynamics in the filling stage are quite simi-
lar for both scenarios. However, in the necking stage, the dispersed
phase penetrates a longer distance in the main channel creating a more
elongated neck at a higher flow rate ratio. At ¢ =0.1, the pinching
occurs at the T-junction point, whereas at ¢ =1 the pinching is
observed at a farther distance (70 m) from the junction. The pressure
inside the agarose phase is observed to be higher than the oil phase
and at the pinching region, it reaches a maximum [Figs. 8(c-iv) and
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FIG. 8. (a) Numerical study examining the
effect of varying ¢ values (from 0.1 to
1.75) on droplet size, with constant Ca,,
temperature, and agarose concentration.
The insets display images illustrating
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Numerical simulation depicting the stages
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8(d-iii)]. At a low flow rate ratio (¢ =0.1), the threading region is not
present (lieqaq = 0), and with increasing ¢, it appears and is observed
to grow (Iipreaa =92 pm for ¢p =1). As a consequence, at higher ¢, the
droplet detachment occurs at a relatively far distance from the T-
junction. For instance, the droplet detaches immediately after the T-
junction at ¢ =0.1, whereas at ¢ =1, the detachment occurs at
ldetach =145 pm.

Next, we presented the impact of agarose concentration and tem-
perature on the droplet generation dynamics. Figure 9 shows the
numerical simulation results for the droplet generation at 0.5% and
2.0% agarose concentration at 40 and 60 °C. The flow rate ratio is kept
constant at ¢ =1 considering Q.= Q=5 ul/min. The complex inter-
play of agarose concentration and temperature of agarose and oil gov-
erns the dynamics of the agarose droplet formation resulting in
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different droplet sizes for different conditions. We observed that the
fluidity of the dispersed phase (agarose solution) strongly influences
the pinching-off point and dictates the detachment length. At 40°C,
the droplet detachment occurs at a distance ljerach = 112 um for 0.5%
agarose concentration [Fig. 9(a)], whereas the detachment is signifi-
cantly delayed (lgetach =651 um) at 2% agarose concentration
[Fig. 9(c)]. As temperature increases, both the viscosities of the light
mineral oil and the agarose decrease and the rheological behavior of
the agarose solutions shifts toward the Newtonian regime from the
extreme shear-thinning regime. At 60 °C, the increased fluidity of the
agarose solution significantly reduces the droplet detachment distance
from the T-junction, in stark contrast to the detachment behavior
observed at 40 °C. At 0.5% agarose concentration, detachment occurs
almost instantaneously at the T-junction, with ljech ~ 0, whereas at

2% agarose concentration, the detachment length (lyetach) extends to
~355 um [see Figs. 9(b) and 9(d)]. Moreover, the threading length (/4.
1ach) €xhibits a positive correlation with the viscous effects of the dis-
persed phase, while demonstrating an inverse relationship with
temperature, similar to the detachment length. Figure 9(e) shows the
graphical comparisons of the droplet sizes for different temperatures
and agarose concentrations. At higher concentration (2%) and lower
temperature (40 °C), the highly viscous agarose solution causes slower
droplet breakup, resulting in larger droplets. On the contrary, at higher
temperature (60 °C), while the increased fluidity of the agarose solu-
tion facilitates the rapid droplet breakup with smaller sizes, the reduced
light mineral oil viscosity (44.5% reduction in light mineral oil viscosity
at 60 °C compared to its viscosity at 40 °C, see Fig. S1) offers less resis-
tance to the dispersed agarose phase, allowing it to penetrate the
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FIG. 10. Regime map depicting the transition between threading and non-threading
as a function of ¢» and temperature, for agarose concentrations of 0.5% and 2%.

continuous phase more easily causing an increase in droplet sizes.
These counteracting effects generate intermediate sizes of droplets. At
0.5% agarose concentration, the influence of the reduction of light
mineral oil viscosity dominates over the increase in agarose fluidity,
resulting an increase in droplet size compared to that at 40 °C. On the
other hand, at 2% agarose concentration, the agarose viscous effects
dominate, causing higher droplet sizes.

Based on the overall numerical simulation results, we conducted
a comprehensive analysis of the threading and non-threading droplet
breakup with a regime map, focusing on three parameters: ¢, tempera-
ture, and agarose concentration. These parameters are selected based
on their significant influence on the droplet generation behavior. Since
our study is confined to the small Ca, range within the squeezing flow
regime and experiments showed a weak dependence on Ca, we
excluded it from our analysis.

As shown in Fig. 10, we identified a clear pattern in the regime
transitions. Threading behavior, which indicates significant influences
of shear thinning properties of agarose solution on droplet breakup, is
predominantly observed at intermediate values of ¢ values and lower
temperatures. In contrast, non-threading behavior is more prevalent at
lower and higher ¢ values and higher temperatures, where the agarose
droplet breakup more closely resembles that of a Newtonian fluid.

IV. CONCLUSIONS

This study focuses on understanding of dynamics of droplet for-
mation in a two-phase microfluidic system where light mineral oil
with 2% PGPR is the continuous phase and a non-Newtonian, shear-
thinning agarose solution acts as the dispersed phase. We examined
the droplet formation process by performing both experiments and
simulations, allowing us to study how factors like flow rate ratio
(¢ = Qa/Q.), agarose concentration, Capillary number (Ca,), and tem-
perature affect the droplet size in the squeezing regime (where
Ca < 0.015).

Our experimental findings reveal that droplet size, measured as
Lp/w, is influenced in different ways by the variables we tested.
Specifically, increasing the flow rate ratio (¢) causes an increase in
droplet size, while the temperature of both phases and concentration
of agarose have complex rheological effects on the droplet size. We
also found that the effect of the capillary number (Ca,) is relatively
weak in this regime but rather dictates droplet generation regimes.
Notably, at an agarose concentration of 0.5%, stable and uniformly
sized (monodisperse) droplets could be generated across all tested tem-
peratures (40, 50, and 60 °C). However, when using a higher agarose

pubs.aip.org/aip/pof

concentration of 2%, stable droplets were only achieved at the highest
temperature of 60 °C due to the increased fluidity of the agarose gel.

To further understand the underlying physics dictating this fluid
behavior, we developed a numerical model that we compared with
experiments. The model closely matched the experimental results. We
numerically showed that the agarose droplet formation process con-
sists of five stages, namely; filling, necking, pinching, threading, and
breakup, where threading is an additional stage with a non-Newtonian
dispersed phase agarose. We concluded that .4, is directly propor-
tional to ¢ and has a complex relation with agarose concentration, and
temperature of both the phases. Through our numerical investigations,
we have constructed a regime map delineating the transition between
threading and non-threading droplet generation, corresponding to the
prevailing conditions.

In summary, this study adds to the understanding of droplet for-
mation with non-Newtonian fluids, such as shear-thinning agarose
solutions, which have been studied less than traditional Newtonian
systems. Our findings help identify the conditions that allow for stable
and uniform droplet formation, thus advancing the knowledge of
droplet dynamics in complex fluid systems, which is valuable for appli-
cations where precise droplet control is essential.

SUPPLEMENTARY MATERIAL

See the supplementary material for viscosity plots of agarose gel
(0.5% and 2%) and light mineral oil with 2% PGPR, their rheological
properties used in numerical studies, and the flow rates of dispersed
and continuous phases in Fig. 7 for comparing numerical and experi-
mental droplet breakups.
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