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Abstract

Droplet-based microfluidics has emerged as a powerful platform for precise fluid manip-
ulation in biomedical, chemical, and material science applications. Among various geom-
etries, Tjunction microchannels are widely utilized for droplet generation and splitting
due to their simplicity and reliability. This review provides a comprehensive overview of
droplet splitting mechanisms in T-junction microfluidic systems, with particular emphasis
on the role of actuation methods in enhancing control and functionality. We first discuss
the fundamental physics governing droplet behavior, including the influence of capillary
and viscous forces, flow regimes, and geometric parameters. Passive strategies based on
flow rate tuning and channel design are outlined, followed by an in-depth examination of
active actuation techniques: thermal, electrical, magnetic, acoustic, and pneumatic and
their effects on droplet dynamics. In addition, the review highlights computational mod-
eling approaches and experimental tools used to characterize and predict splitting behav-
ior. Finally, we explore the current challenges and future directions in integrating multi-
functional actuation systems for real-time, programmable droplet control in lab-on-a-chip
platforms. This article serves as a foundational resource for researchers aiming to advance
microfluidic droplet manipulation through actuator-enabled strategies.

Keywords: microfluidics; droplet splitting; T-junction; active and passive method;
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control of fluids at the microscale, typically within channels possessing characteristic di-
mensions ranging from tens to hundreds of micrometers. The field integrates concepts
from transport phenomena, interfacial science, microfabrication, and systems engineering
Copyright: © 2026 by the authors.

to enable the development of lab-on-a-chip platforms capable of executing complex phys-
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icochemical and biological processes on a miniaturized scale [1-3]. At these length scales,
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. surface forces, viscous effects, and laminar flow regimes dominate over inertial forces,
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Attribution (CC BY) license. trol of multiphase and multicomponent systems. This scaling effect minimizes reagent
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and sample consumption, enhances reaction kinetics and mass transfer rates, and allows
for the precise modulation of thermal, chemical, and hydrodynamic conditions [1]. Owing
to these advantages, microfluidics has become a cornerstone technology in biomedical di-
agnostics [4], high-throughput screening [5,6], chemical process intensification [2,7], and
environmental sensing [8-10].

Among the diverse strategies employed in microfluidics, droplet-based microfluidics
has emerged as a particularly powerful platform, as it is able to reliably generate and ma-
nipulate discrete droplets with volumes typically ranging from picoliters to nanoliters
within an immiscible carrier phase [2,11-14]. Each droplet serves as an independent and
isolated microreactor, enabling high-throughput screening and parallel processing of
chemical and biological samples under well-defined microenvironments [13,14]. Com-
partmentalization inherent to this approach minimizes cross-contamination, enhances re-
action fidelity, and leverages the high surface-area-to-volume ratio to accelerate mass and
heat transfer, thereby improving reaction kinetics [15]. The fundamental principle of
droplet microfluidics lies in the use of immiscible fluids, such as oil and water, flowing
through microchannels to generate, control, and manipulate uniform, discrete droplets
that act as isolated microreactors. These droplets provide well-defined and highly con-
trolled microenvironments, enabling precise handling of minute fluid volumes for appli-
cations including biochemical analysis, chemical synthesis, and single-cell studies [11-14].
At the microscale, droplet behavior is governed by the balance between hydrodynamic
forces and interfacial tension under predominantly laminar flow conditions. Interfacial
tension resists droplet deformation, while viscous shear and pressure gradients imposed
by the continuous phase drive droplet elongation, breakup, and transport. These compet-
ing effects are commonly characterized using dimensionless parameters such as the Ca-

pillary number and Reynolds number. The Capillary number (C a= %) is defined as the

viscous forces to the surface tension forces and the Reynolds number (Re =2 u;w) is de-

fined as the ratio of the inertia forces and viscous forces, where p is the fluid density, u,
is the average velocity of the continuous phase, w is the characteristic channel width, u
is the dynamic viscosity, and ¢ is the interfacial tension between the dispersed and con-
tinuous phases. By carefully designing channel geometries and controlling flow condi-
tions, and by optionally incorporating active actuation methods, droplet microfluidic sys-
tems achieve precise, high-throughput, and reproducible droplet generation and manip-
ulation. The key advantage of droplet-based systems lies in their versatility of operations:
droplet formation can be precisely controlled through shear-driven instabilities at micro-
channel junctions; droplet splitting allows for the partitioning of samples into smaller vol-
umes for dilution or parallelization; droplet sorting provides active or passive discrimi-
nation based on physical or biochemical properties [16]; and droplet merging enables con-
trolled coalescence of discrete droplets for reagent mixing or initiation of multistep reac-
tions (see Figure 1). Droplet manipulation in microfluidic systems can be achieved
through either passive or active methods, depending on whether external energy inputs
are employed [3,16-20]. Droplet formation is the fundamental process in droplet-based
microfluidics, typically achieved by shearing a dispersed phase against an immiscible con-
tinuous phase within microchannel geometries such as T-junctions [21-25] (see Figure 1I),
flow-focusing devices [26-30], or co-flow arrangements [31,32]. The interplay of viscous,
shear, interfacial tension, and flow rates determines the size, frequency, and monodisper-
sity of the generated droplets [23-25,30,33]. Key dimensionless numbers such as the Ca-
pillary number (Ca) and Reynolds number (Re) govern the transition between squeezing,
dripping, and jetting regimes [34-42]. Droplet splitting provides a means of partitioning
larger droplets into two or more daughter droplets (see Figure 11II), thereby facilitating
serial dilution, reagent distribution, or parallelization of reactions [43-54]. Splitting is
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commonly achieved through geometric constrictions [46,49], bifurcating channels, or ac-
tive methods such as electric, magnetic [20], heating and acoustic fields that induce insta-
bilities [17] at the droplet interface [43]. The efficiency of splitting is influenced by channel
geometry, droplet size relative to the constriction, and the balance between viscous and
capillary stresses [44-46]. Droplet sorting enables selective separation of droplets based
on their physical, chemical, or biological properties (see Figure 1VI). Sorting strategies can
be broadly classified as passive or active [16,55-57]. Passive methods exploit hydrody-
namic forces, channel bifurcations, or inertial effects to direct droplets into predefined
outlets [55-57]. Active methods, in contrast, rely on external fields such as dielectropho-
resis, magnetophoresis, acoustic actuation, or optical tweezers to impart directional forces
on droplets in real time [16]. Active sorting allows for high-speed and high-precision dis-
crimination, making it well-suited for applications such as single-cell analysis, digital
PCR, and drug screening. Droplet merging, or coalescence, is essential for initiating reac-
tions that require mixing of distinct reagents or samples encapsulated within separate
droplets [58-63]. Passive merging (see Figure 11I) can be achieved by hydrodynamic con-
finement at designed channel junctions [58], while active merging is facilitated through
the application of electric fields, thermal gradients, or surface acoustic waves [59] that de-
stabilize the thin film between adjacent droplets. Once merged, rapid mixing (see Figure
1IV) occurs through chaotic advection driven by internal circulations within the droplet,
significantly accelerating reaction kinetics [62,63]. Droplet catching (see Figure 1V) in mi-
crofluidic systems refers to the controlled trapping and temporary immobilization of in-
dividual droplets at predefined locations within microchannels or microchambers, ena-
bling operations such as incubation, analysis, or reaction [14-16]. This is commonly
achieved through passive geometric features, such as widened chambers, side pockets, or
constrictions, which create local pressure minima or flow resistance contrasts that favor
droplet retention due to the balance between hydrodynamic forces and interfacial tension.
Active approaches further enhance controllability by using external actuation methods,
including electric, magnetic, acoustic, or thermal fields, allowing for the selective trapping
and on-demand release of droplets for advanced microfluidic applications. Collectively,
these operations provide a comprehensive toolbox for manipulating discrete fluid vol-
umes with spatiotemporal precision, establishing droplet-based microfluidics as a corner-
stone technology for applications in biomedical diagnostics, drug discovery, synthetic bi-
ology, and chemical process intensification.

Droplet splitting in microfluidic systems is most commonly achieved through the in-
troduction of geometric features that impose hydrodynamic asymmetry on a moving
droplet [43]. Figure 2 illustrates the fundamental droplet splitting strategies employed in
microfluidic systems, broadly classified into passive and active methods. Passive droplet
splitting relies exclusively on microchannel geometry and intrinsic hydrodynamic forces,
where droplet breakup is induced by pressure gradients, shear stresses, and interfacial
tension effects. Common passive configurations include junctions with arbitrary angles
(Figure 2I), channel obstructions (Figure 2II), T-junctions (Figure 2III), bypass channels
(Figure 2IV), and Y-junctions (Figure 2V), each enabling droplet division through con-
trolled flow resistance and geometric confinement. In contrast, active droplet splitting
techniques incorporate external actuation mechanisms, such as electric, acoustic, thermal,
or mechanical fields, to precisely manipulate droplet deformation and breakup dynamics
(Figure 2). These active approaches provide enhanced control over splitting symmetry,
timing, and droplet size compared to passive methods, making them particularly advan-
tageous for applications requiring high precision and dynamic tunability. The simplest
and widely used configuration is the bifurcating T-junction, where a parent droplet enters
a channel that divides into two symmetric [45-50,64] or asymmetric branches [64-67]. As
the droplet advances, pressure and viscous stresses cause it to elongate and eventually
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pinch off into two daughter droplets. The size ratio of the daughter droplets can be tuned
by altering the relative widths or flow resistances of the branch channels, thereby enabling
either symmetric splitting or controlled asymmetric partitioning. Geometrical features
strongly govern droplet generation, deformation and breakup dynamics in microfluidic
T-junctions under both passive and active actuation approaches. In passive hydrody-
namic systems, the ratio between the branch and the main channels (w;/w,) directly con-
trols the droplets geometric constraints and the balance between viscous stress and inter-
facial tension. Chen and Deng [45] demonstrate that decreasing w,;/w, changes the tran-
sition boundaries between non-breakup, breakup with tunnels and breakup with perma-
nent obstruction toward smaller dimensionless droplet length [;/w,, thus indicating that
narrower channels increase earlier deformation and more reliable breakup. This behavior
arises from enhanced geometric confinement at the junction, which increases droplet ob-
struction, increases extensional flow fields around the stagnation point, and induces lo-
calized vortex structures that accelerate neck thinning and pinch-off [44]. This geometry-
based control enables passive droplet splitting, where daughter droplet size and sym-
metry are set by channel dimensions and branch resistance rather than by externa forces.
Under active actuation, such as pressure modulation, flow-rate control, and valve-in-
duced resistance changes, geometry remains the fundamental control parameter. Channel
width and junction architecture determine how efficient actuation-induced stresses inter-
act with droplet interface. Constraint geometries amplify hydrodynamic and externally
imposed stresses by focusing on deformation near the stagnation point, while wider ge-
ometries dissipate energy and reduce sensitivity to breakup [44,45]. Overall, geometry
serves as a unifying design principle across both passive and active droplet generation
strategies, governing breakup thresholds, daughter droplet size ratios and how uniform
or non-uniform the sizes of particles or droplets are within the system.

The rheological properties of fluids, including viscosity, density, and interfacial ten-
sion, critically influence droplet generation and splitting in microfluidic systems. In New-
tonian fluids, higher viscosity increases flow resistance, producing larger droplets and
slower pinch-off, while lower viscosity promotes faster droplet detachment. Chen and
Deng [45] demonstrated how deviations from Newtonian behavior significantly alter
droplet deformation and breakup regimes, particularly under high strain rates near the
junction point. Shear-thinning fluids exhibit locally reduced effective viscosity, accelerat-
ing neck thinning and causing earlier pinch-off, whereas viscoelastic stresses in elastic
fluids resist interfacial thinning and increase breakup thresholds [44]. Fluid density affects
inertial forces, influencing droplet stability and the ease of splitting under varying flow
conditions. Interfacial tension governs the balance between cohesive and disruptive forces
at the fluid—fluid interface, directly controlling droplet shape, size, and the efficiency of
splitting. These rheological effects are particularly relevant in the present T-junction
study, where active actuation enhances strain rates and amplifies elastic and shear-rate
responses, improving predictive capabilities and enabling better control of droplet
breakup in complex fluids, including biofluids, polymer solutions, and nanoparticle sus-
pensions [44,45].

Another common design is the Y-junction geometry, in which the droplet is directed
into diverging branches at an angle [68-73]. Compared to the T-junction, Y-junctions pro-
vide smoother transitions, reducing pressure fluctuations and allowing for higher
throughput splitting with improved reproducibility. In addition to these passive geomet-
ric approaches, constriction-based and bypass channels are frequently employed, where
a droplet is forced through a narrow throat that induces elongation and eventual breakup
into multiple daughter droplets [74-77]. This method is particularly effective for generat-
ing evenly sized fragments and is compatible with serial splitting cascades for combina-
torial applications. The efficiency of splitting across these configurations depends on the
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balance between viscous shear forces, interfacial tension, and channel hydrodynamics,
which are often characterized by the Capillary number (Ca) and Reynold number (Re)
[43,45].
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Figure 1. Schematic illustration of common droplet manipulations in microfluidic systems: (I) drop-

let generation at a T-junction, (II) droplet merging through hydrodynamic confinement, (III) droplet

splitting at a channel bifurcation, (IV) internal chaotic advection enabling rapid mixing within drop-

lets, (V) catching using geometric features, and (VI) droplet sorting via passive or active mecha-

nisms.
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Figure 2. Schematic illustration of droplet splitting techniques in microfluidic systems using passive

and active methods. The passive approaches rely solely on channel geometry and hydrodynamic
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forces and include (I) junctions with arbitrary angles, (II) channel obstructions, (IIT) T-junctions,
(IV) bypass channels, and (V) Y-junctions, where droplet breakup occurs due to interfacial tension,
shear stress, and pressure redistribution. In contrast, active droplet splitting methods employ exter-
nal actuation (such as electric, thermal, acoustic, or magnetic fields) to dynamically control the tim-
ing, location, and symmetry of droplet breakup, enabling enhanced precision and tunability com-

pared to passive designs.

Active methods of droplet splitting utilize external fields (see Table 1) to precisely
control breakup dynamics (see Figure 2), offering greater flexibility than purely geometry-
driven passive techniques [43]. Electric fields deform and destabilize droplets through
electrohydrodynamic forces, enabling asymmetric splitting and tunable daughter sizes,
while magnetic fields act on ferrofluids or magnetically tagged droplets via localized gra-
dients for non-contact manipulation [64,78,79]. Acoustic actuation, using surface or bulk
waves, induces pressure nodes and streaming flows that accelerate neck thinning in a bi-
ocompatible and energy-efficient manner [80-82]. Thermal methods rely on localized
heating to create Marangoni stress, which destabilize the droplet neck and promote split-
ting at lower flow rates [19,83-85], whereas optical techniques employ laser-induced ra-
diation pressure or heating to selectively split individual droplets with high spatial preci-
sion [86]. Magnetic fields are actively used in micro-magnetofluidics as a powerful tool to
manipulate ferrofluid microdroplet generation [87,88], splitting, and manipulation within
T-junction geometries [89]. Ferrofluids respond to magnetic fields with controllable defor-
mation and motion, enabling precise control over the droplet’s breakup dynamics. Col-
lectively, these approaches expand the design space of microfluidic platforms by allowing
for programmable, on-demand droplet control, with applications spanning biochemical
assays, diagnostics, and material synthesis [43].

Droplet splitting in microfluidic T-junctions constitutes a pivotal technique in con-
temporary microfluidics due to its capacity for precise partitioning and manipulation of
microscale fluid volumes. T-junction microchannels are among the most widely used ge-
ometries in droplet-based microfluidics due to their simple design, ease of fabrication, and
robust operational characteristics. Compared to other geometries such as flow-focusing
or co-flow devices, T-junctions offer well-defined and highly reproducible control over
droplet formation and splitting through the interplay of viscous forces and interfacial ten-
sion. Their geometric simplicity facilitates systematic experimental investigations and en-
ables accurate theoretical and computational modeling of droplet dynamics. Moreover, T-
junction configurations are readily compatible with both passive hydrodynamic control
and a wide range of active actuation techniques, including electric, magnetic, acoustic,
and thermal methods. This operation is integral to numerous scientific and engineering
domains, enabling controlled modulation of droplet size, composition, and content. In
digital PCR and nucleic acid assays, uniform droplet partitioning enhances amplification
sensitivity and fidelity, thereby facilitating high-throughput genetic analysis and single-
molecule detection [90-92]. In pharmaceutical research, controlled splitting enables gen-
eration of dosage-specific droplets from a single precursor stream, thereby supporting
parallelized pharmacokinetic evaluations and high-throughput drug screening [93-96]. In
single-cell analysis, droplet splitting facilitates isolation and concurrent processing of in-
dividual cells, enabling high-resolution transcriptomic and proteomic characterization
[97-100]. Furthermore, in lab-on-a-chip diagnostics, droplet splitting allows for multi-
plexed assays, enhancing analytical throughput from minimal sample volumes [101-103].
In chemical and biochemical reaction screening, droplet splitting facilitates generation of
combinatorial reaction conditions by modulating reactant ratios, expediting optimization
of reaction pathways [97,104-106]. Synthetic biology [106] and metabolic engineering
[107] exploit droplet splitting to compartmentalize and regulate reagent mixing in cell-
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free expression systems [108]. In materials science, precise splitting enables consistent syn-
thesis of nanoparticles and emulsions by maintaining uniform precursor ratios [109-111].
Applications extend to food safety and environmental monitoring, where droplet splitting
enables parallel contaminant detection by dividing samples into smaller, equal volumes
for simultaneous analysis [112,113]. In enzymology and protein assays, this technique en-
ables time-resolved kinetic analyses and concentration-dependent evaluations, thereby
augmenting throughput and resolution in biochemical investigations [114,115]. These
multifaceted applications highlight the transformative role of droplet splitting in advanc-
ing microfluidic technologies.

Table 1. Comparison of Passive and Active Droplet Splitting Methods in Microfluidic.

Method

Passive (Geometry +
Flow) [2,43]

Driving Mechanism Control Over Splitting Key Advantages Limitations
Hydrod ic f - Lack of flexibility;
yarodynaric torees gov Limited, predefined by Simple, low-cost, ro- ac ,(,) Xty
erned by channel geometry . sensitive to flow fluc-
. design bust .
and flow rate ratio tuations

High (asymmetric or Requires electrodes

Electric Field Actua- Electrohydrodynamic symmetric splittin Precise, tunable CON-_ 1 hich-voltace
tion [17,18,43] stresses at fluid interface Y ) p & trol & &
possible) sources
M tic body f ti
Magnetic Field Actu- agnetic body forces acting Remote, non-contactDroplet composition

ation [17,18,43]

on ferrofluids/magnetic Moderate-High

manipulation restricted
droplets p

Acoustic Actuation

Requires piezoelectric

Pressure gradients and Biocompatible, tun-

(SAWs/BAWSs) . . High substrates and fre-
acoustic streaming forces able, scalable .
[17,18,43] quency tuning
i f ially selective;
Thermal Actuation Marangoni st.resses rom Spatia y s ect1v.e, Thermal damage risk;
temperature-induced inter- Moderate no chemical addi-
[17,18,43] . . . . slower response
facial tension gradients tives
E ive, 1
Optical Actuation  Radiation pressure or laser- Very High High precision, se- tl:r Iz)ir:gs}ll‘}])it,ocvgmplex

[17,18,43]

induced heating lective manipulation

alignment

This review aims to present a comprehensive synthesis of contemporary advance-
ments in droplet splitting within microfluidic T-junction configurations, with particular
emphasis on actuation mechanisms and flow modulation strategies. Droplet splitting rep-
resents a fundamental operation in droplet-based microfluidics, enabling parallel pro-
cessing, dividing, and controlled dilution across diverse chemical and biological assays.
The precision and versatility of splitting within T-junction architectures are strongly de-
pendent on the interplay between device geometry, interfacial dynamics, and actuation
methodologies. Droplet splitting in T-junctions can be realized through both passive and
active methods, each characterized by distinct physical principles and operational ad-
vantages (see Table 2). Passive methods leverage inherent hydrodynamic forces arising
from channel geometry and interfacial tension, requiring no external energy input,
thereby ensuring operational simplicity and energy efficiency. Active methods incorpo-
rate external stimuli, such as acoustic waves, electric fields, magnetic forces, or thermal
gradients to dynamically modulate droplet deformation and splitting, offering enhanced
precision and controllability. A systematic analysis of these approaches is critical for the
rational design of droplet-based microfluidic systems tailored to specific application re-
quirements.
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Table 2. Active versus Passive Droplet Splitting in Microfluidic T-Junction [43].

Feature Passive Droplet Splitting Active Droplet Splitting
Relies on intrinsic hydrodynamic . . .
. . ) . Utilizes external actuation forces such as acoustic,
Mechanism forces, interfacial tension, and channel . . L
electrical, magnetic, thermal, or pneumatic inputs
geometry
Energy Requirement None (self-actuated by flow) Requires external energy input

Control Precision

Limited, determined by channel de-
sign and flow conditions

High, tunable in real time

Complexity of Fabrication Low —simpler device geometry High —requires integration of external actuators
Flexibility Low —fixed once fabricated High—controllable dynamically during operation
Throughput High —passive splitting is continuous Moderate —dependent on actuation mechanism
Scalability High Limited by complexity and energy requirements
Applications Droplet partitioning, dilution, basic =~ Complex assays requirin.g dynamic contr.ol, mu-lti-
assays plexed operations, real-time droplet manipulation
Advantages Simple, energy-efficient, robust High precision, adaptive control, multifunctional
Limitations Limited adaptability, geometry-de-  Higher complexity, energy requirements, device

pendent cost

Despite extensive studies on droplet splitting in microfluidic T-junctions, the existing
literature remains focused on isolated actuation methods and flow conditions, with lim-
ited cross-comparison of passive and active control strategies under unified scaling frame-
works. In particular, the combined influence of channel geometry, fluid and material
properties, surface modifications, and externally applied fields on splitting regimes, sym-
metry, and controllability is not systematically synthesized. To address this gap, this re-
view systematically classifies and analyzes state-of-the-art passive and active droplet-
splitting strategies in T-junction geometries. The review examines the governing physical
principles, channel design considerations, and external actuation mechanisms, including
electrical, thermal, magnetic, acoustic, and pneumatic control, alongside the roles of flow
parameters, material properties, and surface modifications. Numerical modeling frame-
works for predicting and optimizing droplet splitting performance are also discussed. Fi-
nally, the review highlights key applications in diagnostics, drug delivery, synthetic biol-
ogy, and chemical screening, while outlining current challenges and future research di-
rections in this rapidly evolving field.

2. Fundamental of Droplet Splitting in T-Junctions

Droplet splitting in T-junction microfluidic geometries is a fundamental operation
that allows a single mother droplet to divide into two or more daughter droplets upon
encountering a bifurcation (see Figure 3). The contour plot is intended solely to depict the
evolution of the droplet shape during the sequential stages of droplet splitting in the mi-
crofluidic T-junction. The mechanism of splitting is governed by a complex interplay of
interfacial tension, hydrodynamic pressure, viscous shear forces, and the geometric char-
acteristics of the junction [43-45,47-51,53]. Figure 3 illustrates the sequential stages (i.e.,
entering, squeezing, breakup and post-breakup) of droplet splitting in a microfluidic T-
junction. Initially, the incoming droplet enters the junction and begins to deform under
the influence of viscous shear and pressure gradients imposed by the continuous phase
[44,45]. As it elongates, the droplet fills the junction region, with its interface extending
into both branch channels. At this stage, the balance between interfacial tension, which
resists deformation, and hydrodynamic stresses, which promote stretching, becomes crit-
ical. With increasing confinement, a necking region forms near the junction, where the
droplet thins progressively. Finally, the neck undergoes pinch-off, resulting in the divi-
sion of the parent droplet into two daughter droplets, which may be symmetric or
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asymmetric depending on the channel geometry [66], flow rates, fluid properties and ex-
ternal forces [65,116,117]. The dynamics of splitting process can be rationalized using di-
mensionless groups such as the Capillary number (Ca), which captures the competition
between viscous and interfacial forces; the Reynolds number (Re), which characterizes
inertial-to-viscous effects; and the Weber number (We), which reflects inertial-to-capillary
force ratios. These parameters establish scaling laws that help predict the onset and out-
come of droplet division [44,48,49]. The symmetry and efficiency of the splitting process
depend on key parameters such as the viscosity ratio (ug/u.), wettability and flow rate
ratio (Q4/Q.) between the continuous and dispersed phases [43,45,117]. The geometry of
the T-junction is equally critical, as channel width ratios, junction angles, and aspect ratios
directly influence stress distribution and partitioning symmetry. For instance, asymmet-
rical channel designs can be used to intentionally control the size ratio of daughter drop-
lets [66]. Additionally, channel surface properties, such as wettability, roughness, and
chemical modifications, further modulate droplet behavior, with hydrophobic coatings
often employed to stabilize splitting and prevent wetting along channel walls [116,117].
In addition to passive methods, active modulation of flow parameters or the use of exter-
nal fields (e.g., electric, magnetic, acoustic, thermal and optical) can offer precise control
over the splitting process [20,62,88]. Understanding these fundamental principles is es-
sential for designing microfluidic systems that require high precision, reproducibility, and
adaptability in droplet handling. These foundational concepts serve as the basis for more
advanced manipulations such as selective splitting, volume-controlled division, and inte-
gration with downstream processing steps in microfluidic networks.

Droplet of length (l,) flows through ~ Droplet entry into a splitting T-junction
the main channel of width with two equal arms of width

Flow in main channel Entering stage
Thinning of neck at the center of Movement of
droplet in the splitting T-junction daughter droplet

Squeezing stage Breakup  Post-breakup

Figure 3. Schematic representation of the characteristic stages of droplet breakup: entering, where
the incoming droplet deforms symmetrically upon reaching the junction; squeezing, during which
the droplet elongates into both branch channels as upstream pressure increases; necking and
breakup, where the droplet thins at the junction and undergoes pinch-off due to the balance of hy-
drodynamic and interfacial forces; and post-breakup, in which the resulting daughter droplets are
transported downstream. The figure illustrates the evolution of droplet morphology during the

splitting process.

A widely accepted framework for classifying droplet behavior in microfluidic T-junc-
tions distinguishes three primary flow regimes (see Figure 4): Type I splitting with
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permanent obstruction, Type II splitting with tunnels, and Type III non-splitting [45,47—
51]. The discerning factor between splitting with obstruction and splitting with tunnels
lies in the presence of visible tunnels between the droplet’s tips and the channel walls
during the squeezing stage of the droplet splitting (see Figure 4). This classification,
though primarily based on geometrical observations, provides meaningful insight into the
physical dynamics governing droplet splitting. In Type I, the droplet occupies the entire
cross-section of the main and branch channels, temporarily obstructing the continuous
phase and eventually breaking due to the buildup of pressure and interfacial forces (see
Figure 4I). In Type II, small tunnels or gaps remain between the droplet and the channel
walls during squeezing stage, allowing for limited flow of the continuous phase around
the droplet before it breaks (see Figure 41I). Type III, by contrast, represents a non-splitting
regime in which the droplet deforms but does not split, often due to insufficient shear or
capillary number (see Figure 4I1I).

-ITl.

Pressure (Pa): 0 225 450 675
Entering Squeezing Post-breakup

r =\ R
tgp—1 =719 ms  tgp_2=800ms 1gp_3=9.05ms 1gp_4=94Tms tgp_5=986ms 1gp_=11.69 ms 1gp_7=11.95 ms

(I) Splitting with Permanent Obstruction

Entering Squeezing Post-breakup

'3 N/
Tunnels il
I I I open

tgr—) =6.96 ms tgr—2 =7.54 ms tgr—3 =8.14 ms 15r— =8.35 ms tgr—s = 8.58 ms tgrs=12.58 ms 1577 =12.76 ms

(IT) Splitting with Tunnels

[:nlcnnL Squceun" Slabllmnu Non- bredkup
Ing—) =7.54 ms tvg—2=7.95 ms vg—3 =824 ms gy =11.02 ms 1yps=1450 ms 1yps=18.10 ms 1355 =19.37 ms

(IIT) Non-Splitting

Figure 4. Different flow regimes of droplet behaviors in a microfluidic T-junction under controlled
hydrodynamic conditions. Representative pressure contour plots illustrating three characteristic

droplet flow regimes observed at a viscosity ratio of: % and Ca = 0.05 (I) splitting with perma-
nent obstruction % = 3.73), where the droplet fully blocks the channel cross-section prior to

breakup; (II) splitting with tunnels (l;" = 2.33) characterized by the formation of thin continuous-
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phase films between the droplet interface and channel walls during squeezing; and (III) non-split-
ting (l;" = 2.13), where the droplet deforms but does not divide due to insufficient hydrodynamic

stress. The figure highlights the dependence of droplet breakup behavior on the initial droplet
length relative to the channel width under fixed flow conditions. Reproduced with permission from
Chen and Z. Deng, ] Fluid Mech, vol. 819, 2017. Copyright (2017) Cambridge University Press [45].

At the T-junction, the droplet undergoes an entering stage characterized by symmet-
ric deformation into two branch channels, while the rear interface remains convex and its
Laplace pressure constant [45,47-50]. As the advancing contact angle of the two fingers
decreases, inlet pressure rises gradually to overcome capillary hysteresis (see Figure 51—
III). Once this stage concludes, upstream pressure flattens the rear interface, leading to a
rapid drop in Laplace pressure and a sharp increase in inlet pressure (see Figure 5). When
the rear interface is fully flattened, the droplet transitions to the squeezing stage, as shown
in Figure 4. The rear becomes concave, initiating neck formation at the junction center.
The neck progressively thins until droplet breakup occur. Compared to breakup with per-
manent obstruction, droplet breakup with tunnels follows similar dynamics in the enter-
ing and post-breakup stages but differs during squeezing. In this case, two tunnels form
between the droplet and channel sidewalls at the onset of squeezing. Despite their pres-
ence, inlet pressure continues to rise sharply, primarily driving the rear interface concav-
ity, indicating limited tunnel influence at this stage. After some time, neck thinning and
elongation persist, but the rear curvature radius and corresponding Laplace pressure re-
main constant, unlike the obstructed case, as shown in Figure 5L 11. This steady Laplace
pressure evolution continues until breakup, after which upstream pressure immediately
returns to baseline.

When no breakup occurs, the droplet undergoes similar entering and squeezing
stages (see Figure 4), followed by stabilizing and non-breakup stages. In the stabilizing
stage, elongation ceases and the droplet remains symmetric, with both inlet and Laplace
pressures constant. This persists until a disturbance arises at outlet I, increasing its pres-
sure above outlet II (see Figure 5III). The resulting imbalance initiates the non-breakup
stage. Initially, Laplace pressure is unaffected, but as the droplet tip crosses the symmetry
axis, balance is lost. The droplet then rapidly exits through one daughter channel without
breakup, causing abrupt changes in both Laplace and upstream pressures. In the non-
breakup case, the droplet undergoes a stabilizing stage characterized by the opening of
two tunnels, which is essential for preventing breakup. Figure 5V shows the evolution of
shear stress at the droplet tips. When the channels are fully blocked, tip shear stress is
negligible. Once tunnels form, shear stress decreases and reaches a steady state, while
shear action within the tunnels induces vortices at the droplet tips. As shear stress de-
creases, vortex vorticity increases until saturation, indicating a transfer of shear momen-
tum into vortex motion. These vortices strongly inhibit droplet deformation, explaining
why tunnel formation slows droplet elongation. Thus, shear effects in the tunnels do not
promote elongation but instead generate vortices that resist it. With shorter initial droplet
lengths, elongation ceases earlier, and the droplet reaches a symmetric steady state at the
T-junction without breakup. To clarify the role of vorticity during tunnel formation, Fig-
ure 5VI shows the variation in final steady vorticity and droplet deformation rate as a
function of droplet size. As initial droplet length decreases, the final steady vorticity in-
creases, leading to a reduced deformation rate. This inverse relationship highlights the
suppressing effect of vortices on breakup. When vorticity exceeds a critical threshold, the
evolution exponents drop to zero, and breakup no longer occurs.
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Figure 5. Time evolution of pressure, interfacial forces, and internal flow structures for different
droplet behaviors in a microfluidic T-junction. (I) Time evolution of (a) the inlet-outlet pressure

drop and (b) the Laplace pressure at the bottom droplet interface for the droplet breakup with
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permanent obstruction case obstruction (A = 1/8,Ca = 0.05, l,/w = 3.73) [50]. (II) Time
evolution of (a) the inlet—outlet pressure drop and (b) the Laplace pressure at the rear droplet inter-
face for the droplet breakup with tunnels case (A = 1/8,Ca = 0.05, l,/w = 2.33). (III) Time
evolution of (a) the inlet—outlet pressure drop and (b) the Laplace pressure at the rear droplet inter-
face for the droplet non-breakup case (A = 1/8,€a = 0.05, I,/w = 2.13). (IV) Evolution of
(a) the shear stress acting on the droplet tip and (b) the vorticity of the characteristic internal vortex
for the droplet non-breakup case with (A = 1/8,Ca = 0.05, l,/w = 2.33) (V) Evolution of (a)
the shear stress at the droplet tip and (b) the vorticity of the characteristic internal vortex for the
droplet non-breakup case with case (A = 1/8,Ca = 0.05, l,/w = 2.13). (VI) (a) Final steady-
state vorticity and (b) deformation rate as a function of droplet size under fixed flow conditions
(A = 1/8,Ca = 0.05). Reproduced with the permission from Y. Chen and Z. Deng, J Fluid
Mech, vol. 819, 2017. Copyright (2017) Cambridge University Press [45].

3. Passive Flow Manipulation Techniques

Passive flow manipulation in microfluidic systems leverages the intrinsic coupling
between interfacial forces, viscous stresses, and microchannel geometry to regulate drop-
let behavior without external actuation. These techniques exploit deterministic fluid me-
chanics such as, variations in local hydrodynamic resistance, capillary pressure gradients,
and confinement effects to achieve splitting, merging, sorting, or redirection of droplets
[24]. The absence of auxiliary energy input not only simplifies device design and operation
but also enhances robustness, scalability, and throughput in lab-on-a-chip applications
[104,105]. In T-junction microchannels, passive splitting is governed by the balance be-
tween the continuous-phase shear stress and the Laplace pressure within the dispersed
phase, which together dictate whether a droplet undergoes symmetric or asymmetric di-
vision. Careful engineering of the microchannel architecture enables predictable droplet
partitioning, making passive techniques indispensable in applications that demand repro-
ducibility and low-cost integration.

The paper by Link et al. [44] pioneered the splitting mechanism of confined droplets
in a Tjunction and employed a stability criterion, derived a critical droplet length to pre-
dict splitting versus non-splitting conditions. They further proposed an analytical expres-
sion to predict the critical Capillary number (Ca,,) required for droplet breakup in sym-
metric T-junctions as a function of the non-dimensional initial droplet length (L"), given
by:

2 2
Cap, =i (175 - 1) (M)

where @ is a dimensionless constant dependent on the viscosity ratio (4). Jullien et al. [3]
classified droplet splitting into three distinct flow patterns, i.e., no splitting, splitting with
tunnels, and splitting with permanent obstruction, based on €Ca and the dimensionless
initial droplet length I,/w, delineating their parametric boundaries. Subsequent studies
have established empirical and theoretical correlations linking the critical capillary num-
ber for breakup to droplet extension, often expressed through power-law relationships or
derived from analytical models [44,45,47-49]. Utilizing lubrication theory, Leshansky and
Pismen [48] and Leshansky et al. [49] formulated analytical criteria for regime transitions,
deriving scaling laws such as

lo/w = 1.3Ca™%21 )
for the no-splitting to splitting with tunnels transition, and

lo,/w=1.76(a/3Ca)'/3 +1 3)
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where a = 0.25, for the splitting with tunnels to permanent obstruction transition. Ho-
ang et al. [53] implemented a fully three-dimensional numerical model, revealing a two-
stage breakup mechanism comprising an initial quasi-steady deformation phase gov-
erned by external flow and a subsequent autonomous surface-tension-driven pinching
phase [45,118]. They also concluded that increasing the viscosity ratio (4) reduces the
neck-thinning rate, thereby prolonging droplet splitting time. Additionally, decreasing
the channel height further increases splitting time. Chen and Deng [45] employed a phase-
field multiphase lattice Boltzmann framework to resolve droplet dynamics, demonstrat-
ing that the magnitude and structure of internal vortices critically modulate splitting, with
vortex intensities above a threshold inhibiting breakup. Their analysis further quantified
the effects of viscosity ratio and channel width ratio on splitting behavior. Chen and Deng
[45] reported that the boundaries between flow patterns for splitting with permanent ob-
struction and splitting with tunnels exhibit minor variation with viscosity ratio, particu-
larly at low Capillary numbers. In contrast, the transition boundary between splitting and
non-splitting (l;" = BCa "%%) shifts markedly toward smaller l,/w with increasing viscos-

ity ratio (A = pg/H.), consistent with both numerical findings (De Menech [119], Afkhami
et al. [120]) and experimental observations (Jullien et al. [50]; Fu et al. [51]). Most recently,
Mandal and Sarkar [47] performed comprehensive 3D numerical simulations to construct
a regime map for droplet splitting in symmetric T-junctions and proposed a correlation
for the critical capillary number as a function of viscosity ratio and dimensionless droplet
length

o =a() (te) @

where a is prefactor, and b and c¢ are constants that depend only on the geometry).
Nguyen et al. [121] proposed a theoretical model to predict the critical Capillary number

@ (lﬂ) @+1 5)
2.54+1

for the transition from the no-splitting to splitting as a function of the length ratio and

Ca. >

viscosity ratio, showing an increase in 4 prolongs splitting time.

Sun et al. [122] investigates the dynamics of droplet breakup with tunnels and for-
mation of satellite droplets in a symmetric microfluidic T-junction. The droplet breakup
process is divided into four stages: squeezing, transition, pinch-off, and thread rupture
each with specific scaling laws that depend on the viscosity ratio, capillary number, and
dimensionless droplet length. In the squeezing stage, the thinning of the droplet neck is
controlled by the squeezing pressure, while the transition and pinch-off stages are domi-
nated by fluid velocity and capillary force, respectively. The thread rupture stage follows
a linear thinning relationship, with the coefficient dependent on the viscosity ratio. The
size of satellite droplets is determined by the filament volume and increases with higher
superficial velocity and droplet viscosity, with a critical capillary number observed below
which the satellite droplet size remains constant. Zhang et al. [118] demonstrated that at
small to moderate initial droplet lengths, partial blockage of the branch channels leads to
an uneven distribution of surfactants along the droplet interface. This nonuniform surfac-
tant concentration generates Marangoni stresses, which, in turn, induce additional viscous
drag stresses to maintain interfacial force balance. The resulting interplay between these
stresses enhances droplet deformation and facilitates breakup. However, at larger initial
droplet lengths values, where the branch channels are completely obstructed by the drop-
let, the neck contraction process becomes governed by the injection rate of the continuous
phase, thereby significantly weakening the influence of surfactants on the breakup dy-
namics [45,53]. Zhou et al. [123] identified a previously unreported lateral breakup regime
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in the canonical T-junction microchannel geometry, wherein droplet pinch-off occurs
within the two outlet branches rather than at the junction center, resulting in the formation
of three daughter droplets instead of the conventional two. This lateral breakup mecha-
nism is governed primarily by interfacial tension and is associated with the development
of a carrier fluid pocket beneath the droplet. A predictive model was formulated for low
Capillary numbers (Ca), capturing the initiation and growth dynamics of this fluid pocket
responsible for lateral pinch-off. As Ca increases, viscous stresses dominate over interfa-
cial effects, and the system transitions back to the conventional central breakup regime.
Based on these findings, a geometric design criterion for T-junctions was proposed to de-
lineate the operational boundaries between lateral and central breakup modes. Deng et al.
[124] formulated a theoretical model to describe the sequential droplet splitting process in
fractal tree-shaped microchannel networks with arbitrary branching, elucidating the role
of hydraulic imbalance in high-throughput droplet generation. The study identified two
dominant dimensionless parameters governing droplet uniformity: the initial operating
conditions, encompassing droplet length, viscosities of both phases, channel width, and
capillary number and the pressure distribution characterized by outlet pressure and
phase-specific pressure drops at the primary channel. Results showed that droplet mono-
dispersity deteriorates with lower initial driving conditions and higher outlet pressures.
Based on these findings, optimal design strategies were proposed to enhance droplet uni-
formity, including increasing the capillary number, extending the continuous-phase flow
length in the main channel, and lengthening branch channels across successive levels.

Double Emulsions

Fan et al. [125] systematically investigated the splitting dynamics of double emul-
sions in Y-shaped microchannels, analyzing the velocity fields and pressure distributions
to reveal that the upstream pressure induced by the obstruction of the continuous phase
flow around the double emulsions plays a dominant role in achieving stable and symmet-
ric splitting. Additionally, the complex and chaotic flow structures within the middle
phase were found to significantly influence the overall splitting behavior. The study by
Liu et al. [72] comprehensively elucidated the dynamic mechanisms governing the split-
ting of double emulsion droplets flowing through a microfluidic T-junction and identified
three primary flow regimes: non-breakup, once-breakup, and twice-breakup, each de-
fined by the interplay of droplet geometry, capillary number, and viscosity ratio. Figure 6
The schematic illustrates the splitting of a double emulsion droplet in a microfluidic T-
junction, where an inner droplet encapsulated within an outer droplet is divided into two
daughter double emulsions as it passes through the junction. The figure emphasizes the
preservation of the core—shell structure during splitting and highlights the role of geomet-
ric confinement and flow distribution in achieving controlled and symmetric division
within the microchannel. By constructing flow pattern maps and state diagrams, the study
quantitatively related droplet deformation dynamics to dimensionless parameters, reveal-
ing that higher viscosity ratios reduce deformation resistance and promote breakup due
to weakened coupling effects. Importantly, the work establishes twice-breakup as an ef-
fective strategy to precisely control shell thickness, enabling stable production of double
emulsions with thin and uniform shells, which is valuable for applications in encapsula-
tion, drug delivery, and microreactor design. Liu et al. [68,126] experimentally study the
dynamic behaviors of double emulsion droplets flowing through a Y-shaped bifurcation
and categorize the flow patterns based on the number of interfacial breakups and the cou-
pling effect between the inner and outer interfaces: non-breakup (NB), once breakup (OB)
with or without coupling effect, and twice breakup (TB) with or without coupling effect.
They concluded that the coupling effect was found to hinder the breakup of the outer
droplet but facilitate the breakup of the inner droplet [127].
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Figure 6. Schematic illustration of double emulsion droplet splitting in a microfluidic Tjunction,
highlighting the controlled division of inner and outer phases into daughter droplets within con-

fined microchannels.

The breakup dynamics and mechanisms of viscous droplets in Y-shaped microchan-
nels were systematically examined by Ma et al. [128], revealing four distinct flow patterns:
non-breakup, breakup without obstruction, breakup with partial obstruction, and
breakup with permanent obstruction, with the partial obstruction mode exhibiting the
widest operational range. The breakup process under partial obstruction was character-
ized by three sequential stages: squeezing, transition, and rapid pinch-off. During the
squeezing stage, the dimensionless neck width exhibited a power-law dependence on
time (1 — v:}—': =m (é)a), where the power-law index (a) decreased with increasing viscos-

ity ratio (4). In the transition stage, the neck width varied linearly with time (1 — v:/—"‘ =

k(tT—_CtS) + b), with the slope (k) decreasing as 4 increased but rising with higher capillary

numbers (Ca.) and longer initial droplet lengths (I,/w,). Finally, in the rapid pinch-off
w B
stage, the neck width again followed a power-law relation (1 — w—m =n (ti) ), with the

exponent (f) decreasing as 4 increased yet increasing with 1,/w,. These results highlight
the strong coupling between viscous and interfacial effects in determining the breakup
dynamics of confined droplets. Wang et al. [129] investigate the transportation behaviors
of double emulsion droplets in symmetric microfluidic Y and T-junctions. The dynamics
of the interface evolution in different patterns (i.e., No Breakup (NB), Outer droplet
Breakup (OB), and Both droplet Breakup (BB)) are analyzed, revealing the influence of the
core droplet on the breakup threshold and the asymmetric breakup. A geometric model
is proposed to estimate the maximum extension length, which helps explain the different
breakup behaviors in T5junctions and Y-junctions. Two thread pinch-off regimes are iden-
tified, with the Y-junction favoring smaller and fewer satellite droplets compared to the
T-junction. Lemeski et al. [130] investigated the influence of triangular microchannel ob-
structions on droplet breakup dynamics by examining two configurations: Case I, with
the obstacle positioned at the bifurcation center, and Case II, with the obstacle aligned
along the main flow direction. The results revealed that droplet breakup occurs more rap-
idly when the triangular obstruction is located at the channel center due to enhanced local
shear and pressure gradients. In contrast, the flow-aligned configuration governs whether
the mother droplet undergoes asymmetric breakup into unequal daughter droplets or re-
mains intact, depending on the imposed flow conditions. The study demonstrated that
droplet deformation and breakup behavior are highly sensitive to both the geometric
placement of the obstacle and the hydrodynamic parameters, establishing a clear correla-
tion between obstruction topology and breakup regime transition.
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The high surface-to-volume ratio inherent to microfluidic platforms amplifies the in-
fluence of channel walls on droplet behavior [131]. At the macroscopic scale, surface wet-
tability governs macroscopic observables such as contact angle and spreading along solid
interfaces. By contrast, at the microscale, additional interfacial effects emerge, most nota-
bly wall slip, which modifies near-wall momentum transfer and, in turn, affects the onset
and stability of droplet dynamics [132-135]. Early investigations primarily emphasized
wettability as a controlling factor in droplet splitting at T-junctions, highlighting the sen-
sitivity of droplet dynamics to contact angle variations [43]. More recent studies have
shifted attention toward wall slip [132,133,135], described as the occurrence of a finite tan-
gential velocity at solid-liquid boundaries. This deviation from the classical no-slip as-
sumption alters velocity gradients, reshapes local shear fields, and consequently regulates
droplet formation, elongation, and transport. The long-standing assumption of a univer-
sal no-slip condition, while valid for most macroscopic flows, is increasingly questioned
in micro- and nanoscale contexts [136-138]. Both theoretical analyses [139-141] and exper-
imental measurements [142-144] now provide evidence for slip lengths ranging from na-
nometers to micrometers, with pronounced effects observed on hydrophobic and micro-
structured surfaces. This condition reduces frictional resistance, alters near-wall flow or-
ganization, and diminishes shear stress [138,142,143].

More recently, the scope has extended to multiphase microfluidics, where wall slip
has been shown to significantly modify interfacial dynamics during droplet generation
[132,133,135] and splitting [134,138]. Kumar and Pathak [134] numerically examined slip
effects on droplet splitting in microfluidic T-junctions using a conservative two-phase
level set method (see Figure 7). Varying slip length from 0.2 to 3 pm, they showed that
small slip lengths enhance wall resistance (see Figure 7L 1I), delaying splitting as the drop-
let penetrates further into the daughter channel (see Figure 71ILIV). In contrast, larger slip
lengths promote faster neck thinning, reduced splitting times, and a neck center shifted
toward the junction inlet (see Figure 7III-VI). Moreover, the critical thresholds for splitting
with obstruction, splitting with tunnel, and no-splitting regimes shift to higher droplet
lengths with increasing slip, establishing slip length as a key parameter in governing split-
ting dynamics. These findings suggest that wettability and wall slip should be treated as
coupled interfacial phenomena rather than independent boundary conditions, underscor-
ing their central role in the design and optimization of microfluidic T-junction systems.
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Figure 7. Velocity, shear stress, and interfacial evolution during tunnel-mediated droplet splitting

in a microfluidic T-junction. (I) Velocity distribution and (II) shear stress distribution along the
channel width, evaluated at x = 400 umand y = 15, foradropletwith lo/w, = 2.345, Ca =
0.01044, and A = 4.16. (III) Evolution of the dimensionless neck thickness (8) and (IV) the
dimensionless distance traveled by the droplet tip (Al") as functions of Capillary number (Ca) for
twoslip (B8 = 0.5 and 3 pm)at lo/w, = 2.345 and 1 = 4.16. (V,VI) The droplet profiles are
analyzed at five key non-dimensional time instances [t* = (t — t.) X U/wq], denoted as follows: &}

marks the onset of the squeezing stage, t; represents the last moment at which the droplet interface

contacts both the top and bottom walls in Plane 2, t3 signifies the complete formation of a circular

droplet interface in Plane 2, t; indicates the instant of droplet splitting, marked by complete neck

rupture, and tg corresponds the post-splitting phase, characterized by the downstream motion and

stabilization of the daughter droplets within the branch channels. Instantaneous droplet shapes dur-

ing the squeezing stage of tunnel-mediated droplet splitting for different slip lengths: (V) f# = 0.5
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pum and (VI) (B = 3 um, illustrating the influence of slip length and Capillary number on necking
dynamics and interface deformation under identical geometric and fluid conditions
lo/w, =2.345 and A = 4.16. Reproduced with permission from Kumar, Piyush, and Mana-
bendra Pathak. Physics of Fluids 37.9 (2025). Copyright (2025) AIP Publishing [134].

4. Active Actuation Mechanisms

While passive droplet splitting in T-junctions relies solely on flow conditions and
channel geometry, active droplet splitting introduces external fields to dynamically con-
trol the splitting process with greater precision and flexibility. This approach is particu-
larly useful for applications requiring tunable droplet volumes, on-demand operation, or
asymmetric splitting. Figure 8 schematically illustrates droplet formation in a microfluidic
T-junction, where an initially formed droplet is subsequently regulated by active external
actuation to control the splitting process. As the dispersed phase enters the junction, hy-
drodynamic shear and interfacial tension govern droplet growth and necking, leading to
droplet formation in the passive regime. Superimposed active actuation (such as electric,
acoustic, thermal, or pneumatic fields) locally modifies the force balance at the interface,
enabling dynamic regulation of droplet deformation, breakup onset, and daughter drop-
let size. The combined passive and active mechanism provide enhanced control, repeata-
bility, and adaptability of droplet splitting compared to purely geometry-driven ap-
proaches. Among the most widely used active methods is electrical actuation, where elec-
tric fields typically through electrowetting or dielectrophoresis alter the interfacial tension
or exert directional forces on the droplet, thereby influencing its deformation and division
at the junction. Thermal actuation, using localized heating elements, induces thermoca-
pillary flows that can asymmetrically alter viscosity or surface tension across the droplet
interface, steering it preferentially into one outlet channel. Similarly, magnetic actuation,
often involving magnetic nanoparticles within the droplet, enables selective manipulation
via external magnetic fields, offering a contactless and biocompatible method for splitting
control. In addition, acoustic actuation using surface acoustic waves (SAWs) can induce
localized pressure gradients that deform droplets or modify the flow field, enabling pre-
cise modulation of the splitting point. Pneumatic and mechanical actuators, such as on-
chip valves or deformable membranes, can dynamically adjust local flow resistance, di-
verting portions of the droplet into desired branches at the T-junction. These active meth-
ods provide enhanced functionality compared to passive systems by enabling real-time,
programmable control over droplet volume ratios, timing, and pathway selection. More-
over, combining active splitting with real-time feedback (e.g., from optical sensors) paves
the way for intelligent droplet operations in complex microfluidic workflows. However,
integration of active components often adds to system complexity and fabrication require-
ments, which must be balanced against the desired level of control. Despite these chal-
lenges, active droplet splitting has become a cornerstone for applications in adaptive di-
agnostics, single-cell assays, and automated high-throughput screening.

Hybrid actuation-based droplet generation and splitting in microfluidic T-junctions
leverages the complementary strengths of both passive and active mechanisms to achieve
enhanced control, robustness, and operational flexibility (see Figure 8). In these systems,
passive hydrodynamic effects governed by channel geometry, flow-rate ratios, viscous
stresses, and interfacial tension, establish the fundamental droplet formation and breakup
behavior. Active actuation methods, such as electric (electrowetting or dielectrophoresis),
magnetic, acoustic, or thermal fields, are then superimposed to dynamically modulate in-
terfacial forces or local pressure fields. This combined influence enables precise tuning of
droplet size, splitting symmetry, breakup timing, and frequency, even under varying flow
conditions. Hybrid actuation is particularly advantageous in overcoming the limitations
of purely passive systems, such as sensitivity to flow fluctuations, and purely active

https://doi.org/10.3390/act15020096


https://doi.org/10.3390/act15020096

Actuators 2026, 15, 96

20 of 56

systems, which may require higher energy input or complex control. By synergistically
integrating passive and active effects, hybrid strategies enable wider operating regimes,
improved repeatability, and on-demand droplet manipulation, making them highly at-
tractive for advanced lab-on-a-chip applications, including biochemical assays, cell han-
dling, and adaptive microfluidic platforms.
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Figure 8. Schematic illustration of passive flow-driven droplet formation at a T-junction combined

with localized active actuation to control the droplet splitting behavior.

4.1. Electric Actuation

Several studies have demonstrated that applying an electric field is a robust and fast
method for actively controlling droplet behavior in microfluidic devices, often outper-
forming other actuation strategies in terms of responsiveness and precision [64,78,79,145—
153]. Link et al. [145] were among the first to experimentally validate the efficacy of electric
fields in manipulating droplet breakup, sorting, and coalescence within a symmetric T-
junction microchannel. By applying an electric field parallel to the flow direction down-
stream of the junction, they showed that the breakup dynamics could be significantly in-
fluenced in a controlled manner. Building on this, Jafari and Fallah [78] conducted numer-
ical simulations to investigate the effect of electric fields on droplet splitting in symmetric
T-junctions. Their results confirmed that droplets split faster in the presence of an electric
field compared to identical conditions without the field, highlighting the role of electric
stresses in accelerating interfacial deformation and pinch-off. In flow-focusing geometries,
Yin et al. [146] applied an alternating current (AC) electric field to regulate droplet for-
mation and observed that the frequency of the electric signal directly impacted the transi-
tion between different droplet formation regimes. Similarly, Hatami et al. [147] numeri-
cally modeled droplet dynamics in flow-focusing devices under electric actuation, offer-
ing insights into droplet generation mechanisms under different electrical conditions. Xi
et al. [79] conducted an experimental investigation into the deformation behavior of drop-
lets under the influence of an alternating current (AC) electric field in a microfluidic de-
vice. Their study revealed that droplet deformation increases almost linearly with the in-
tensity of the applied electric field, indicating a direct relationship between the electric
stress imposed on the interface and the degree of deformation. Furthermore, they ob-
served that higher frequencies of the AC electric field lead to stronger deformation,
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suggesting that both amplitude and frequency contribute synergistically to the droplet’s
interfacial dynamics. Notably, the study demonstrated that droplets could be reversibly
and repeatedly deformed using an amplitude-modulated (AM) AC signal, offering a
novel method for non-invasive, tunable, and dynamic control over droplet morphology
without requiring physical contact or permanent channel modifications. This ability to
induce controlled deformation through AM signals introduces opportunities for cyclical
droplet manipulation, which can be useful in processes such as on-demand droplet re-
shaping, fusion preparation, or volume control prior to splitting in complex microfluidic
workflows. Fallah and Fattahi [64] investigated the motion and breakup behavior of drop-
lets in an asymmetric T-junction microchannel under the influence of an asymmetrically
applied electric field using the Level Set Method implemented in COMSOL Multiphysics.
Their work systematically explored the effects of key dimensionless parameters, including
the non-dimensional droplet length (L), Capillary number (Ca), and electric Capillary
number (Ca,), on the droplet splitting process. The study revealed that the application of
an asymmetric electric field significantly modifies the flow dynamics and splitting behav-
ior, resulting in unequal daughter droplets, where a departure from the symmetric split-
ting typically observed in passive T-junctions. Notably, they identified two novel flow
regimes: the Hybrid Asymmetric Splitting Mode (HASM) and electric-field-induced sort-
ing patterns that emerge specifically due to the asymmetric actuation. These patterns sug-
gest that electric fields can be used not only to control droplet size but also to selectively
direct droplets into preferred branches, enabling programmable droplet routing. Further-
more, their results identified the existence of a critical electric Capillary number, referred
to as the sorting electric Capillary number, above which the droplet enters a non-splitting
(NS) regime. This threshold behavior underscores the importance of balancing electrical
and hydrodynamic forces to achieve desired splitting outcomes. Zhu et al. [148] describe
how the electric field force can manipulate the balance of the forces and enable the transi-
tions between the flow regimes. Higher electric field strength can accelerate the breakup
of the discrete phase, transitioning the flow from jet to drip or even slug. Additionally, the
electric field force can cause the discrete phase to block the channel, transitioning the flow
from parallel to slug. Table 3 presents a comparative summary of electric field-based ac-
tuation strategies for droplet control in microfluidic devices, outlining the employed ge-
ometries, electric field type, and key operating parameters, along with a short description
of the main findings involving droplet deformation, breakup and splitting.

Table 3. Summary of Electric Actuation Methods for Droplet Control in Microfluidic Devices.

Reference = Methodology Geometry  Electric Field Type Key Parameters Main Findings
. Capillary Number. Demonstrated precise control over droplet
. Length of mother size and splitting ratio can be achieved by
Fallah et al. . . . . -
[64] Numerical ~ T-Junction  DC (Asymmetric) droplet. tuning the electric field strength.
. Electric capillary Showed hybrid asymmetric splitting and
number. droplet sorting.
firmed droplet splitti der electri
. Droplet length. E:lrc; Srme roplet splitting under electric
fari et al. Electri ill ’
Jafari eta Numerical T-Junction DC * ectric capriiary Showed electric stresses accelerate interfa-
[78] number. . . .
e . cial deformation and pinch-off compared
o Permittivity ratio. .
to passive cases.
Droplets can undergo repeated, controlla-
. Field Intensity ble deformation using an amplitude mod-
Xi. etal. [79] Experimental Main Channel AC * Frequen(?y . ulated (AM) electric signal. . .
. Modulation ampli- Deformation of the droplet increases with
tude an increase in electric field intensity and

frequency.
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Link et al.
[145]

Experimental T-Junction

A charged-droplet, electric-fields platform
enables precise droplet generation, coales-
cence, breakup, recharging, and sorting.

DC (Parallel to . Electric field
flow) strength

4.2. Magnetic Actuation

Magnetic fields are actively used in micro-magnetofluidics as a powerful tool to ma-
nipulate ferrofluid microdroplet generation [87,154,155], splitting, and manipulation
within T-junction geometries [88]. Ferrofluids respond to magnetic fields with controlla-
ble deformation and motion, enabling precise control over the droplet’s breakup dynam-
ics. Magnetic fields offer a significant advantage as they do not alter the chemical environ-
ment of the fluids, and ferrofluids respond faster with reversible magnetization. The main
purpose of applying magnetic fields is to control the droplets splitting asymmetrically
without altering the microchannel’s geometry or the fluid’s properties. Traditional pas-
sive splitting methods in symmetric T-junctions only produce splitting ratios of 1 (non-
breakup) or 0.5 (symmetric breakup) due to symmetric flow resistance. Introducing an
asymmetric magnetic field generates a volumetric magnetic force that leads the droplet
towards one branch, rather than the other. This allows for asymmetric breakup with a
controllable splitting ratio between 0.5 and 1 [89,156,157].

The dominant forces governing ferrofluid droplet dynamics include inertia, surface
tension, and magnetic forces. The magnetic volumetric force f exerted on the droplet is
described as

f= oM VH ©)

In which g represents the magnetic permeability, M = y,, H is the magnetic vector, and
H is the magnetic field strength [156,157]. The behavior of the droplet’s splitting is char-
acterized by two main dimensionless parameters, Capillary number (C, = %) which rep-

resents the ratio of viscous to surface tension forces and Magnetic Bond number (B, =
HoWH

o

) that represents the ratio of magnetic to surface tension forces [156,157].

Some have investigated ferrofluid droplet breakup under steady magnetic fields
[89,158], in which three main types of breakup regimes are observed. Breakup with per-
manent obstruction (BPO), where the droplet completely blocks both branches until it
splits asymmetrically; Breakup with temporary obstruction (BTO), where small tunnels
form between the droplet and the branch’s wall after an obstruction and before full asym-
metrical splitting; Breakup without obstruction (BNO), where the continuous phase fluid
flows uninterruptedly before, during and after the asymmetric splitting of the droplet.
Under a uniform magnetic field, the splitting with temporary obstruction (BTO) region
expands toward the splitting with permanent obstruction (BPO) regime, resulting in an
extended splitting duration [89]. The splitting frequency can be effectively tuned by vary-
ing the strength of the applied magnetics force [67,89,159]. In contrast, when a non-uni-
form magnetic field is applied, the droplet divides into two daughter droplets of unequal
sizes. Increasing the magnetic field gradient amplifies the asymmetry in the splitting pro-
cess, whereas higher total flow rates or shorter droplet spacing diminish the magnetic
field’s influence [89]. Additionally, the presence of a non-uniform magnetic field promotes
the transition toward non-breakup behavior, stabilizing the droplet against division [89].
Li et al. [71] numerically investigated the magnetically induced control of ferrofluid drop-
let breakup in a symmetric Y-junction microchannel. The study demonstrated that apply-
ing an external magnetic field enables selective manipulation of droplet trajectories, facil-
itating asymmetric breakup or controlled redirection of the mother droplet into a desired
branch for separation from satellite droplets. Systematic analyses of cases with and with-
out magnetic fields revealed that both the flow rate ratio between the continuous and dis-
persed phases and the magnetic flux density significantly influence daughter droplet

https://doi.org/10.3390/act15020096


https://doi.org/10.3390/act15020096

Actuators 2026, 15, 96

23 of 56

sizes. The magnetic force was found to shift the droplet’s mass center upstream, promot-
ing asymmetric breakup downstream. A power-law correlation incorporating the mag-
netic Bond number (Bo,,) was proposed to predict daughter droplet size

Vu Qu\ % 0.06 g ,0.38
—=1+0.05(—) Ca®%¢BoY; 7)
Vi Qc
confirming that controlled magnetic actuation can effectively induce transitions between
breakup and non-breakup regimes.

Leshansky and Pismen [48] formulated a correlation defining the critical boundary
between droplet splitting and non-splitting regimes in the absence of magnetic effects,
expressed as

L,/W =1.3¢c;°% (8)

Subsequently, Aboutalebi et al. [157] incorporated magnetic interactions into this frame-
work, extending the empirical relation to include the influence of magnetic stresses via
the magnetic Bond number (B,), thereby refining the predictive capability of the model
for magnetically actuated microfluidic systems,

% =1.3¢,"**' +0.011B,°%' ¢, "* ©)
Ma et al. [158] investigated the splitting dynamics of ferrofluid droplets in a microfluidic
T-junction under an external magnetic field. Three distinct breakup modes were identi-
fied: splitting with permanent obstruction, splitting with partial obstruction, and splitting
without obstruction. For the first two modes, the splitting process was divided into three
stages: squeezing, transition, and pinch-off, whereas the splitting without obstruction in-
volved only the latter two stages, following similar dynamic trends. The minimum neck
width (6) in each stage (i.e., Squeezing (1 — 6/w, « t%) and during the transition and
pinch-off (§ « T#7)) was found to scale with time through power-law relationships, char-
acterized by stage-dependent exponents. The influence of the magnetic field manifested
primarily in the variation in these exponents: during the squeezing stage, the exponent
decreased with increasing flow rate but increased with higher magnetic flux density; dur-
ing the transition stage, it increased with both flow rate and magnetic field strength. Ad-
ditionally, for partial and non-obstructed splitting, the pinch-off exponent increased with
magnetic flux density. Overall, the results demonstrated that magnetic forces accelerate
droplet splitting by modulating interfacial stress and thinning dynamics. Bijarchi et al.
[67] conducted a numerical investigation of ferrofluid droplet splitting in a T-junction mi-
crochannel subjected to an asymmetric Pulse-Width-Modulated (PWM) magnetic field.
Unlike steady magnetic fields, the PWM magnetic field enabled enhanced control over
droplet breakup behavior and revealed two previously unreported splitting regimes:
Flowing through the Same Branch (FSB) and Double Splitting (DS). In the FSB regime,
both daughter droplets exit through the same outlet branch, whereas in the DS regime,
the parent droplet undergoes sequential fragmentation, producing three daughter drop-
lets. The application of a PWM magnetic field effectively mitigated the issue of daughter
droplet trapping, a common limitation under steady magnetic actuation. The trapped and
escaped regions were systematically characterized as functions of the duty cycle and the
dimensionless magnetic field frequency. Results further demonstrated that the droplet
splitting ratio increases with higher magnetic Bond numbers or duty cycles and decreases
with increasing magnetic field frequency, underscoring the tunability of droplet dynamics
through magnetic field modulation. Shyam et al. [159] performed a numerical investiga-
tion of ferrofluid droplet breakup in a T-junction microchannel of a lab-on-a-chip (LOC)
system subjected to a non-uniform magnetic field, focusing on the breakup with perma-
nent obstruction regime (see Figure 9). The analysis showed that the magnetic field
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gradient induces an asymmetric internal flow, where a hump-like feature forms within
the left-moving portion of the droplet, intensifying internal circulation and promoting de-
formation (see Figure 9). The breakup characteristics were primarily governed by the
magnetic Bond number (Bo,,;) and the flow rate ratio (R = Q¢/Qq4). A critical magnetic
Bond number (Bo,, ;) and a threshold flow ratio (R,;) were identified, corresponding to
the maximum normalized droplet length (If) in the left branch. When these parameters
exceeded their critical values, the left droplet length decreased due to altered flow re-
sistance. A detailed time-scale analysis revealed that magnetic field non-uniformity re-
duces the local flow time in the left branch, leading to asymmetric breakup. At Boy, ¢r¢,
the left-branch droplet length increased by nearly 33% compared to the case without
magnetic influence, highlighting the significant impact of spatial magnetic field variations
on ferrofluid droplet dynamics.
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Figure 9. Influence of a non-uniform magnetic field on droplet splitting dynamics in a microfluidic
T-junction. (III) Temporal evolution of droplet deformation and velocity magnitude during the
splitting process obtained from numerical simulations (I) without a magnetic field and (II) with a
non-uniform magnetic field. Color contours indicate velocity magnitude, highlighting changes in
flow symmetry, velocity distribution, and droplet deformation induced by magnetic actuation. (III)
Magnified visualization at t* = 0.75 comparing (a) the case without a magnetic field and (b) the
case with a magnetic field. (c) Enlarged view of the region marked by the red ellipse, where black
arrows denote local velocity vectors, illustrating the redistribution of flow and enhanced asymmetry
under magnetic influence. (IV) Experimental visualization of a hump-like deformation formed in
the ferrofluid region when subjected to a static magnet. The inset shows the formation of chained
magnetic nanoparticle structures within the hump. Yellow and red dotted arrows indicate flow mo-
tion in Zone I and Zone II, respectively, demonstrating magnetically induced flow redistribution
within the microchannel. (V) Schematic illustration of droplet splitting behavior for a constant flow
rate ratio (R) with increasing magnetic Bond number (Bo0,,), showing enhanced magnetic forcing
and its effect on droplet deformation and breakup. (VI) Schematic illustration of droplet splitting
behavior for a constant magnetic Bond number (Bo,,), with increasing flow rate ratio (R)
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highlighting the competing roles of hydrodynamic and magnetic forces. (VII) Temporal evolution
of the normalized droplet neck width (W) for different magnetic Bond numbers, demonstrating
accelerated neck thinning with increasing magnetic field strength. The upper-right inset shows the
evolution of the normalized daughter-droplet length in the left branch under varying magnetic field
intensities, while the lower-left inset (labeled 1-4) presents corresponding droplet morphologies at
selected time instants. Reproduced with permission from Shyam, Sudip, Bhavesh Dhapola, and
Pranab Kumar Mondal, Journal of Fluid Mechanics 944 (2022). Copyright (2022) Cambridge Uni-
versity Press [159].

Outokesh et al. [160] propose and develop a new numerical model for in-droplet ma-
nipulation of high-concentration magnetic particles in an integrated microfluidic system.
The system consists of three modules: generator, spacer, and splitter. The model considers
various interactions, including particle-magnet, particle-particle, and particle-droplet in-
terface. The results show that although the presence of an external magnetic force can
improve the separation/enrichment of magnetic particles, the magnet’s location must be
carefully determined to avoid the inverse effect on the separation/enrichment efficiency.
A magnetic to drag force ratio of > 0.8% and a magnetic velocity to the mean fluid ve-
locity ratio of > 6% resulted in almost full separation for both 2.83 pm and 4.4 pm
magnetic beads. Naseri et al. [73] conducted a numerical analysis of droplet splitting
within a symmetric Y-junction under a uniform magnetic field. The study revealed that
applying a magnetic field significantly accelerates the breakup of the parent droplet rela-
tive to non-magnetic conditions. Additionally, the breakup time was found to decrease
progressively with increasing magnetic Bond number, indicating a strong dependence of
the fragmentation dynamics on magnetic field strength. Aboutalebi et al. [156] investi-
gated the influence of an asymmetric magnetic field on droplet breakup dynamics in a
symmetric T-junction and demonstrated the application of an asymmetric magnetic field
alters both the splitting ratio and the critical boundary between splitting and non-splitting
regimes. Under a constant magnetic field, larger mother droplets exhibit more symmet-
rical splitting behavior, with the breakup ratio approaching 0.5. Increasing the magnetic
field intensity at the T-junction center further enhances asymmetry, resulting in higher
splitting ratios and a greater likelihood of uneven droplet division. The presence of an
asymmetric magnetic field also shifts the boundary between splitting and non- splitting
regions upward in the nondimensional length and Ca parameter space. Moreover, a pre-
dictive correlation,

L -021 wBg" 7" -046
— =1.3Ca™"?' +0.0003——  Ca™ (10)
w au

was established to quantify how variations in magnetic flux density modify this boundary
behavior. Recently, Wu et al. [161] numerically analyzed the influence of magnetic field
intensity and source positioning on ferrofluid droplet dynamics in a microfluidic T-junc-
tion, focusing on interface deformation, flow structure, splitting time, splitting frequency,
and droplet size. The results showed that increasing the magnetic field strength up to
0.18 T did not significantly alter daughter droplet size but shortened the splitting time
by approximately 30%. Beyond this threshold, as the field intensity increased to 0.6 T,
the generated droplet size decreased, accompanied by a notable rise in pressure drop
across the microchannel following each breakup event. In the lower magnetic field range
(0 — 0.18 T), the pressure and pressure drop remained nearly unchanged during droplet
movement and post- splitting stages. Pressure field analysis revealed a pronounced pres-
sure drop and elevated velocity gradient at the splitting point, with the affected region
extending further along the main channel under stronger magnetic fields. Additionally,
variations in magnetic source position under constant power demonstrated that
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increasing the distance from the channel reduced the effective magnetic field strength;
when the separation reached 750 pm, magnetic influence on the splitting process became
negligible. Table 4 summarizes previously mentioned studies utilizing magnetic actuation
for droplet control, highlighting the microchannel geometry, magnetic field configuration,
and governing parameters employed, along with main findings on ferrofluid droplet’s
response. Overall, the use of asymmetric magnetic fields in T-junction microfluidic sys-
tems provides an innovative, non-invasive method for actively controlling ferrofluid mi-
crodroplet splitting. By controlling a magnetic field strength and flow conditions, the ma-
nipulation of precise splitting ratio can be achieved without altering the devices geomet-
rically, or the chemical structure of the fluid [141]. Steady fields provide a fundamental
insight but have some droplet trapping and limited flexibility. PWM fields overcome these
limitations by dynamically altering field applications, introducing new splitting regimes.
Non-uniform fields extend control by enabling asymmetric and branch-specific droplet
sizing [141]. The integration of these methods establishes some magnetic control as a ver-
satile strategy for microfluidic systems, especially in some biomedical and diagnostic ap-
plications where precision and adaptability are essential.

Table 4. Summary of Magnetic Actuation Methods for Ferrofluid Droplet Splitting and Manipula-

tion in Microfluidic Devices.

Reference Methodology Geometry Magnetic Field TypeKey Parameters Main Findings

Magnetic fields actively control fer-
rofluid droplet breakup and fre-

. . Flow rate  quency.
Wu et al. . . Uniform and non- .
Experimental T-Junction . . Magnetic ~ Breakup asymmetry depends on mag-
[89] uniform ) . .\
flux density netic strength and flow conditions.
Non-uniform fields can bias droplets
to suppress breakup.
Magnetic-field control enables precise
. Capillary tl.ming .of droplet sp-litting ratio a.nd
size, with stronger fields promoting
number asymmetric splitting and higher split-
Aboutalebi . . . o Length of Sy P & & P
Numerical  T-Junction Non-uniform ting ratios.
et al. [157] droplet . .
. A predictive correlation based on
J Magnetic )
Magnetic Bond number accurately de-
bond number ) o
fines the boundary between splitting
and non-splitting regimes.
Three breakup modes with stage-wise
. Magnetic dynamics (Squeezing, transition,
Ma et al. . . . ; pinch-off) were generated.
Experimental T-Junction Uniform flux density D
[158] Showed magnetic field alters power-
. Flow rate .
law scaling exponents and accelerates
breakup.
The asymmetric magnetic force creates
a flow hump and increases convection
inside the droplet, driving asymmetric
Shyam et al. . ' ' o Magnetic  splitting into two differently sized sis-
[159] Numerical T-Junction Non-Uniform Bond number ter droplets.

° Flow ratio

At critical Magnetic Bond number, a
larger droplet is produced, showing
how magnetic force gradient can inde-
pendently control droplet size.
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4.3. Thermal Actuation

Control of droplet through the induced thermocapillary effect has recently attracted
significant attention due to its non-invasive and multifunctional characteristics
[19,83,84,162,163]. Thermal actuation approaches comprising mechanical [164], optical
[86], and acoustic heating [165] operate by inducing localized temperature gradients that
alter droplet motion and interfacial behavior within microchannels. In mechanical heating
[164], integrated microheaters or Joule heating elements are employed to deliver con-
trolled, localized thermal energy directly to the working fluid. Optical heating [86] utilizes
focused laser irradiation to achieve non-contact, spatially confined temperature modula-
tion, allowing for precise control of droplet position and deformation. In acoustic heating
[165], surface acoustic waves (SAWs) generated by interdigitated transducers (IDTs)
transfer energy through a thin substrate layer, producing localized heating within the flu-
idic domain. These thermally driven methods have demonstrated efficacy in droplet for-
mation [27,132,166], sorting, fusion, and trapping processes [19,83,84]. Nonetheless, their
application in droplet splitting remains constrained by the potential for thermal stress and
degradation of thermally sensitive biological or chemical species at elevated tempera-
tures. Thermocapillarity arises from the temperature-induced surface tension gradient,
which strongly influences the fluid dynamics of liquid interfaces [83]. Depending on the
relative orientation of the temperature gradient to the liquid interface, various forms of
instabilities may develop [83]. When the temperature gradient is oriented perpendicular
to the interface, thermocapillary instabilities manifest as Marangoni convection, which
can further be classified into linear or nonlinear steady states. In such cases, the resulting
surface tension gradients along the interface serve as a driving mechanism for droplet
actuation.

Thermally mediated droplet breakup within a T-junction microchannel is strongly
influenced by the combined effects of viscosity, surface tension and wettability [27,85,167].
The temperature difference between the heated branch and the reference state modifies
the interfacial tension (o = aye %1447 ) and viscosities of the continuous ( p, =
peoe 2034447 and dispersed phases represented by,

Ha = Mao(1 —2.55 X 1072AT + 6 X 107*AT? — 9 x 1076AT?) (11)

according to its empirical relationship with the effects previously mentioned [167], where
AT =T — T, represent the temperature rise above the reference temperature T, . These
thermal effects govern the relative breakage of daughter droplets at the junction
[132,166,168], the dependencies demonstrate that viscosity decreases significantly with
temperature rather than with interfacial tension, delaying droplet splitting and leading to
larger droplet volumes at elevated temperatures [169]. The interplay of inertial, viscous
and interfacial forces is further characterized by using dimensionless groups such as the

Reynolds number (Re = p”l;ﬁ), the Capillary number (Ca = ”CTUC) and the Marangoni
number,
do.
Ma = @A™ (12)
Hclc

where o7 = 0d,/0r is the surface tension gradient and «a, is the thermal diffusivity of the
continuous phase [168,170].

Ting et al. [167] and Yap et al. [171] demonstrated the effectiveness of thermal actua-
tion as a precise mechanism for droplet manipulation at microfluidic bifurcations. By im-
posing localized temperature gradients, thermocapillary forces were induced, leading to
controlled variations in interfacial tension and flow resistance between branches. Ting et
al. highlighted that increasing the branch temperature from 27 °C to 40 °C transitioned
the droplet behavior from passive splitting to complete sorting, while Yap et al. showed
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that the combined influence of thermocapillarity and reduced hydraulic resistance di-
rected droplets toward the heated branch. Collectively, these studies establish thermal
control as a robust and tunable method for achieving droplet splitting, sorting, and
switching within microfluidic T-junctions. Simulations performed by Nath et al. [170] and
Hoa et al. [169] demonstrate that increasing single-sided heater temperature enhances the
thermocapillary force, hence biasing droplet splitting towards the heated branch. How-
ever, at critical temperatures, asymmetric or even non-splitting regimes emerge due to
dominant viscosity reduction and strong interfacial gradient. On the other hand, double-
sided heating generates a more uniform field, enhancing thermal penetration and produc-
ing larger, more symmetric droplets. Each research shows that thermal actuation serves
not only to bias droplet splitting, but also to actively control size and detachment timing,
underscoring its potential for tunable and non-invasive droplet manipulation in microflu-
idics. Further, Nath et al. [170] simulated the effect of wettability of the channel walls and
temperature during the splitting. The interaction between the channel’s walls and the flu-
ids is described through the equilibrium contact angle 0,

(cosf = Zrudy (13)

in which @, 6,4 and o define the surface tension between the continuous and dis-
persed fluids and the wall, respectively. To capture how wall wettability influences the
breakup dynamics, three conditions were considered, hydrophilic (8 = 78°), neutral (6 =
90°) and hydrophobic (8 = 150°). They observed that at a baseline of 25 °C, the mother
droplet splits symmetrically into two equal daughter droplets regardless of the wettability
condition. However, as temperature increases, the interaction between thermocapillary
forces and viscous reduction affects the droplet splitting behavior. During hydrophilic
conditions and higher temperatures of 65 °C, one branch pulls a larger volume of the
mother droplet creating an asymmetric breakup. This asymmetric breakup happens un-
der neutral wettability conditions and hydrophobic conditions as well, demonstrating that
wettability combined with thermal gradients, can play a critical role in determining the
asymmetry of droplet splitting and the flow distribution in microchannels. Thermal split-
ting of droplets offers a versatile and precise means of manipulating droplet behavior in
microfluidic systems through localized temperature control. Table 5 provides an overview
of thermally mediated droplet control approaches mentioned in the text, emphasizing
heating placement, geometry of the channel, key parameters studied, and important find-
ings on the impact of droplet formation regimes and breakup mechanisms.

While thermal methods enable high spatial and temporal control, their broader ap-
plication remains limited by potential thermal damage to temperature-sensitive materials.
Nevertheless, advancements in localized and transient heating technologies continue to
enhance the feasibility of thermal splitting as a reliable and non-mechanical approach for
droplet manipulation in lab-on-a-chip and bio-microfluidic platforms.

Table 5. Summary of Thermal Actuation Methods for Droplet Control in Microfluidic Devices.

Reference Methodology Geometry Heating Mechanism Key Parameters Main Findings

. Surface ten- Demonstrated transition from passive
Ting et al. Single branch heat- sion gradient symmetric splitting to complete drop-
& Experimental T-Junction . & & Y . p & p' P
[167] o Temperature let sorting due to thermocapillary
difference forces created by localized heating.
o Viscosity re-
duction YT Increased heater temperature en-
Hoa et al. . . Single branch heat- . hances thermocapillary forces, but ex-
Numerical T-Junction . Interfacial . ) .
[169] ing . cessive heating suppresses splitting
tension . . . .
due to dominant viscosity reduction.
o Temperature
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* . Viscosity re- Higher thermal contrast drives asym-
. duction . .
Nath et al. . . Single- and double- . metric or non-splitting breakup.
Numerical T-Junction . Marangoni e . .
[170] sided heating number Wall wettability tuning enables precise
. Wettability control of daughter droplet size ratios.
0 Flow re- Droplets preferentially migrate to-
Murshed et . . Double-sided heat- sistance wards heated branches due to com-
Experimental T-Junction . . 1
al. [171] ing o Temperature bined effects of thermocapillarity and
gradient reduced hydraulic resistance.

4.4, Acoustic Actuation

Among the active methods, acoustic actuation has emerged as one of the most versa-
tile and biocompatible approaches due to its non-invasive nature, tunable energy appli-
cation, and ability to handle delicate biological samples [80-82,172,173]. Acoustic methods
rely on sound waves interacting with droplets, where oscillating pressure fields generate
forces that deform, move, and eventually split droplets [81,82,173,174]. These forces can
arise from acoustic radiation pressure [174], which directly pushes on the droplet inter-
face, or from acoustic streaming, where micro-vortices induce shear stress that destabilize
the droplets shape and promotes breakup. Depending on the operating configuration,
these forces can be tuned to achieve control and repeated droplet splitting [173,174].

Two dominant acoustic approaches are employed in microfluidic systems: Surface
Acoustic Waves (SAWs) [174-178] and Bulk Acoustic Waves (BAWSs) [179,180]. SAWs are
produced by interdigital transducers (IDTs) patterned on piezoelectric substates such as
lithium niobate (LiNbOs). When radiofrequency (RF) signals are applied, the subtrades
generate surface waves that propagate along their boundary in the MHz range. When
these waves encounter a droplet confined in a microchannel or resting on the subtrade,
part of their energy propagates into the fluid, producing localized deformations. Depend-
ing on the transducer configuration, three operational modes can be established: traveling
SAWs, which exert unidirectional pressure to elongate and split droplets, standing SAWs,
created by counter-propagating waves that establish periodic pressure nodes and anti-
nodes to symmetrically pinch droplets, and focused SAWs, where curved IDTs concen-
trate energy at specific regions of the interface for spatially selective splitting [175-
177,181]. The total acoustic radiation force F,.,q = —VU acting on a droplet can be ex-
pressed as the negative gradient of the Gor’kov potential

v=" L @*) 14

_Zglp()Cﬁ fapo(v (14)

where V is the droplet volume, p and v are the acoustic pressure and velocity ampli-

tudes, pg is the fluid density, ¢y is the sound speed, and f;, f, are the acoustic contrast

factors dependent on the droplet’'s movement and deformation, with splitting occurring
once the induced pressure gradient exceeds the restoring surface tension force [174].

In a study by Jung et al. [175], a PDMS microchannel was integrated with a slanted-
finger interdigital transducer (SF-IDT) to generate a narrow SAW sound field capable of
splitting droplets on-demand. The SAW beam applied directional acoustic radiation pres-
sure that elongated droplets until breakage. By tuning the input power and flow rate, pre-
cise control over the daughter droplet’'s volume ratio and splitting location was shown,
demonstrating accurate repeatability. The experiment also revealed that the degree of
splitting is dependent on the droplet’s alignment relative to the SAW field and channel’s
geometry, as small variations alter how the wave interacts with the droplet. The intensity
of the applied acoustic field, which is govern by both voltage amplitude and frequency,
plays an important role in determining droplet breakup dynamics in SAW- based devices.
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Increasing the applied voltage enhances the acoustic pressure amplitude, this increases
the acoustic radiation force and streaming velocity acting on the droplet’s interface. At
low voltages, the acoustic stress remains below the capillary restoring force, and droplets
show deformation but not splitting (Park et al. [172]). When the voltage exceeds a critical
level, the droplet’s neck length decreases until pinch-off occurs (see Figure 10). In both
studies, the transition between no breakup and breakup can be characterized by the di-
mensionless acoustic capillary number,

(15)

which compares the acoustic stress to surface tension force, where u,. is the characteris-
tic streaming velocity, D is the droplet diameter, and o is the interfacial tension. Ca,,
increases with voltage as the induced streaming velocity increases. Experimental obser-
vations performed by Jung et al. [175] and Park et al. [172] show that droplet breakup
occurs when Ca,. passes its critical value. As applied voltage increases, breakup hap-
pens earlier along the droplet’s trajectory, producing larger daughter droplets in the di-
rection of acoustic propagation (see Figure 10) [172,174].
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Figure 10. (I) (a) Schematic of the acoustomicrofluidic droplet-splitting device, consisting of a PDMS
microchannel and a slanted-finger interdigitated transducer (SF-IDT). The SF-IDT generates a nar-
row surface acoustic wave (SAW) beam at various frequencies (fsaw) to divide droplets into two
daughter droplets. (b) A water-in-oil droplet forms at the T-junction and is carried downstream to
the SAW region for splitting; an acoustic window in the PDMS minimizes energy loss and enhances
coupling into the fluid. (c) Experimental images of SAW-driven splitting at 82.5 MHz, where drop-
lets move left to right and the SAW travels from bottom to top. The droplet splits within 50 ms at a
flow rate of 100 uL.h™! and a SAW voltage of 2.19 V. Reproduced with the permission from J. H.
Jung, G. Destgeer, B. Ha, J. Park and H. J. Sung, Lab on a Chip, 2016, 16, 3235. Copyright (2016) The
Royal Society of Chemistry [175]. (II) Dynamic splitting sequence over 1.3 ms showing raw high-
speed images (top), binarized images (middle), and simulations (bottom), with magenta arrows
indicating acoustic radiation pressure and cyan shading indicating its magnitude. Necking, stretch-
ing, and final breakup occur at 300, 700, and 1100 ps. Experiments used 324 mW input power, and
simulations matched the acoustic energy density in water (568.3 Jm™3); scale bar = 100 pm.
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Reproduced with the permission from Xu, Duo, Yongmao Pei, and Wei Qiu, Lab on a Chip (2025).
Copyright (2025) The Royal Society of Chemistry [181]. (III) Regime diagram showing capillary
number vs. applied voltage, where ‘0’ marks successful splitting and ‘x” marks failures. Reproduced
with the permission from J. H. Jung, G. Destgeer, B. Ha, J. Park and H. J. Sung, Lab on a Chip, 2016,
16, 3235. Copyright (2016) The Royal Society of Chemistry [175]. (IV) (a—f) Stacked microscopy im-
ages showing droplet bi-splitting and steering at different acoustic positions and amplitudes. (b1-
b9) Time-lapse images (10 ms intervals) of asymmetric splitting from (b), and (d1-d9) time-lapse
images (10 ms intervals) showing droplet steering into the lower branch in (d). Reproduced with
the permission from J. Park, J. H. Jung, K. Park, G. Destgeer, H. Ahmed, R. Ahmad and H. J. Sung,
Lab on a Chip, 18, 422, 2018. Copyright (2018) The Royal Society of Chemistry [172].

While SAWs provide excellent spatial precision and tunability, their influence is typ-
ically confined near the substrate surface. Bulk Acoustic Waves (BAWs), on the other
hand, propagate through the substrate’s entire thickness and into the fluid domain, allow-
ing for deeper penetration and uniform field generation within enclosed channels
[179,180]. When droplets are exposed to standing BAW fields, they migrate toward pres-
sure fields or antinodes depending on their acoustic impedance contrast. Once the acous-
tic pressure exceeds the Laplace pressure AP = 2‘7/ R the droplet interface becomes un-
stable and splits into smaller volumes. The interplay between viscous, inertial, and acous-
tic forces in these systems can be further represented by the acoustic Bond number,

PacD
Bog. = —_ (16)

where p,. is the amplitude of acoustic pressure. As Bo,. increases, the droplet under-
goes a transition from stable deformation to breakup, similar to the transition observed in
magnetically and thermally actuated systems. Increasing the applied voltage enhances the
acoustic pressure amplitude and streaming velocity, this increasing Bo,, and Ca,, until
the acoustic stresses exceeds surface tension. Adjusting the frequency or voltage allows
for control over the splitting ratio, as observed by Park et al. [172]. This relationship can
be described by the acoustic pressure amplitude,

Pac = Po€oVac 17)

where py and ¢, represent the density and sound speed of the medium, and v, is the
particle velocity proportional to the input voltage. As Bo,. and p,. increase, droplets
undergo more pronounced deformations, moving from symmetric breakup to complex
multibranch splitting.

In Standing BAW fields, droplets experience alternating compressive and tensile
stresses that lead to migration, deformation and breakup depending on the balance be-
tween acoustic and interfacial forces. Numerical simulations performed by Thirisangu et
al. [173] have shown that droplets move toward pressure nodes when acoustic stresses
fac are smaller than interfacial stresses f,. However, as f,. approachesor f,, significant
deformations occur and droplets larger than half the acoustic wavelength ()‘/ 2) may form
multiple internal pressure nodes, leading to splitting. Experimental configuration plays a
crucial role in determining the performance of both SAW and BAW devices. Factors such
as the piezoelectric substrate’s orientation, IDT geometry, and the distance between drop-
let and transducer directly affect acoustic energy effects [173,174,181]. In closed channel
BAW devises, reflection from channel walls can form complex standing waves patterns,
influencing the droplets position and symmetry at breakup. In contrast, open surface
SAW systems require precise droplet placement to ensure consistent interaction with the
acoustic fields. Despite these challenges, both methods achieve remarkable controllability
without physical contact, preserving contamination risks [81,82,172]. Table 6 provides a
compilation of key studies on acoustic actuated droplet control in microfluidic systems,

https://doi.org/10.3390/act15020096


https://doi.org/10.3390/act15020096

Actuators 2026, 15, 96

32 of 56

emphasizing the channel geometry, acoustic actuation type employed and characteristic
parameters that govern droplet deformation, manipulation and breakup response. In con-
clusion, acoustic actuation represents a powerful and adaptable technique for microfluidic
droplet splitting. Surface acoustic waves provide unparalleled precision in localized drop-
let manipulation, while bulk acoustic waves extend control to enclosed and larger-scale
channel systems. Together, these methods demonstrate how sound can be harnessed as a
clean, contactless, and tunable tool for advancing droplet-based microfluidics in biomed-
ical research, chemical processing, and material science.

Table 6. Summary of Acoustic Actuation for Droplet Splitting in Microfluidic Devices.

Acoustic Actu-

Reference Methodology  Geometry ation Type Key Parameters Main Findings
ON-demand multichannel droplet
splitting was demonstrated with pre-
J Applied cise control of splitting ratios using
Park etal. Experimental/Nu-Microchan- SAW Voltage TDM AC signals.
[172] merical nel J Acoustic Ca- Increased branch channels and dispos-
pillary number  able chips with a reusable substrate
enhance systems flexibility, functional-
ity and throughput.
. After splitting the acoustic bond num-
o Acoustic .
ber further characterizes the defor-
Bond number .
.. . . mation of the daughter droplets.
Thirisangu . Microchan- . Acoustic L
Numerical BAW As the relevant characteristic length
et al. [173] nel force . .
. and acoustic forces increase, the defor-
. Interfacial .
mation and subsequent breakage of
stress .
the mother droplet increase.
Hydraulic resistance modulation gov-
erns breakup location and symmetry.
o Acoustic Droplet breakup transitions depend
Park et al. Experimental Microchan- SAW pressure ono capillary number and droplet
[174] nel . Streaming  length.
velocity Programmable microvalves outper-
form passive geometries in flexibility
and control.
Demonstrated that the splitting size of
Volt the droplet could trolled -
fung et al. . Microchan- 0 oltage e droplet cou be controlled by var
Experimental SAW o Frequency ying the input voltage, and the balance
[175] nel . .
o Flow rate  between the acoustic gradient force

and the drag force.

4.5. Pneumatic and Hydraulic Actuation (Valve-Controlled Channels)

Pneumatic and hydraulic actuation use pressure-driven valves to actively control
how and where droplets split inside a microfluidic T-junction. Instead of relying solely on
channel geometry and passive flow resistance, these valves reshape the channel in real
time, changing the local hydraulic resistance and guiding droplets into symmetric or
asymmetric breakup [182-186]. By adjusting actuation pressure, flow conditions, or valve
timing, researchers can control the droplet’s size, splitting ratios, and decide at which
junction the mother droplet will split (see Figure 1111I) [183,184,186]. This approach not
only overcomes the limitations of passive designs, but also enables droplet division to be
performed selectively, on-demand and at multiple sites within a system, an important
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feature in multiplex reactions biochemistry and reagent routing. Some have used pneu-
matic microvalves embedded in polydimethylsiloxane (PDMS) devices establishing their
capability to trigger droplet breakup or generation by applying pressure to deform thin
channel membranes [182]. Pressurizing the valve chamber locally reduces the channel’s
cross-section, increasing the hydraulic resistance and altering the pressure distribution
around the droplets approaching the junction [183-185]. This adjustment creates the con-
ditions necessary for droplet pinching and subsequent breakup. Importantly, the breakup
behavior could be activated in real-time, allowing for precise control over the mother
droplet size, generation frequency and splitting ratio.

Hydraulic resistance plays an important role in valve-based splitting. For rectangular
channels of width (w), height (h) and length (I), with a continuous phase viscosity (i),
the hydrodynamic resistance (R) can be approximated as:

12p.l
wh3 (1 -0.63 %)

R= (18)

This relation allows for direct mapping of channel geometry to flow resistance, establish-
ing a strong analogy with Ohm’s law in electrical circuits [183,184]. Flow rate (Q) is anal-
ogous to current, pressure drop (AP) to voltage and resistance (R) to hydraulic obstruction
[183]. Agnihotri et al. [183] used the resistive network approach to investigate splitting at
multiple junctions beyond the droplet generator (see Figure 111ILIV). In conventional de-
sign, droplets consistently divided at the first junction but bypassed the following sites.
By redesigning one branch into an expansion channel, the resistance balance was adjusted,
producing comparable flow fields at consecutive junctions. When integrated with mi-
crovalves, this allowed for selective breakup at multiple sites, an essential feature for ap-
plications that require to guide droplet into different reaction chambers.
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Figure 11. (I) Schematic representation of the complete microfluidic device incorporating a droplet-
division section regulated by horizontally oriented pneumatic microvalves. The valves locally de-
form the channel ceiling to modulate flow resistance and induce controlled droplet breakup [186].
(IT) Experimental visualization of droplet splitting during pneumatic valve actuation under equal
flow-rate conditions of Qyaer = @oii = 2 ML/min -, illustrating valve-induced deformation and
subsequent droplet division [186]. (III) Conceptual illustration of selective droplet breakup using
two independently actuated microvalves. (a) Mother droplets generated upstream travel along the
main channel, and (b,c) pressurizing either valve produces localized constriction that selectively
divides the droplet. The resulting smaller daughter droplets are directed into side branches for
downstream operations such as merging or chemical reaction. Reproduced with the permission
from Agnihotri, Sagar N. et al. Langmuir 36.5, 1138-1146 (2020). Copyright (2020) American Chem-
ical Society [183]. (IV) High-speed microscopy images showing droplet behavior at two junctions
under different valve-operation scenarios: (a) only the first valve actuated, (b) only the second valve
actuated away from the junction entrance, (c) the second valve actuated at the junction entrance,
and (d) both valves actuated simultaneously. These cases demonstrate the ability of pneumatic ac-
tuation to precisely control droplet splitting location, symmetry, and routing. Reproduced with the
permission from Agnihotri, Sagar N., et al. Langmuir 36.5, 1138-1146 (2020). Copyright (2020)
American Chemical Society [183].

For valve-controlled channels, the effective local capillarity is regulated not only by
flow rate but also by pressure-induced deformation of the channel walls. In this way,
valves can flexibly control the transition between non-breakup and breakup regimes with-
out altering the channel’s characteristics. Experimental visualization confirmed that pneu-
matic valves can accurately switch droplets splitting behavior between symmetric
breakup, asymmetric breakup and no breakup regimes depending on the actuation pres-
sure [182-186]. Some complex implementations extend the valve-controlled channels, the
effective local capillarity is regulated not only by flow rate but also by pressure-induced
deformation of the channel walls. In this way, valves can flexibly control the transition
between non-breakup and breakup regimes without altering the channel’s characteristics.
Experimental visualization confirmed that pneumatic valves can accurately switch drop-
lets splitting behavior between symmetric breakup, asymmetric breakup and no breakup
regimes depending on the actuation pressure [182-186]. Some complex implementations
extend the idea even further; Li et al. [187] integrated chips with arrays of pneumatic mi-
crovalves enabling modular droplet generation, selective splitting and droplet merging
within the same system. Here, valves act as dynamic gates, guiding droplets into specific
outlets or temporarily blocking the flow to induce asymmetric breakups. This integration
allows for programmable droplet handling, making it possible to automate processes such
as reagent delivery, dilution at microscales, and aliquoting. Compared to steady magnetic
or thermal fields, pneumatic actuation provides a fast, reversible, and geometrically inde-
pendent control method, though at the expense of added fabrication complexity and the
need for external pressure controllers.

Furthermore, hydraulic actuation principles are supported by geometric studies of
multifurcating channels (Li et al. [187]), where splitting behavior were analyzed in terms
of capillary number and the dimensionless droplet length (&g). The transition from non-
breakup to breakup regimes was shown to react to the increase in the critical capillary
number following

1 12
=273 1
27 19)

Ca, = ag(Z)(

where (a) depends on the viscosity and geometry. While this relation was derived from
passive devices, an inference relation can be made that valves effectively manipulate the
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same hydraulic resistance pathway that governs transitions, but in an adjusted, active
8uLQ
mwR*
strates how altering the channels length or width, either physically or by valve compres-

manner. Moreover, Poiseullie’s law for laminar flow pressure drop (Ap = ) demon-

sion, directly influences droplet sizing distribution between channels. Table 7 summarizes
pneumatic actuation techniques previously used for droplet control, providing infor-
mation on pressure modulation mechanisms, channel geometry and controlled parame-
ters that enable on-demand droplet generation, splitting and size tunability, as well as
some main findings on each individual investigation.

Pneumatic and hydraulic valve actuation offers high precision and flexibility for
droplet splitting in microfluidic T-junctions. By actively modifying the channel resistance,
these valves enable precise control over droplet breakup timing, location, and daughter
droplet size. Unlike passive approaches, valve-based systems provide real-time, selective
manipulation at multiple channel sites. Their compatibility with resistive system model-
ing also supports accurate prediction and optimization of droplet behavior. Although the
use of external pneumatic controllers adds some system complexity, recent advancements
in compact pressure regulation are mitigating these challenges. With ongoing improve-
ments, valve-based designs are expected to play a key role in advancing programmable
microfluidics, bridging the transition from passive devices to fully integrated droplet-con-
trol platforms.

Table 7. Summary of Pneumatic and Hydraulic Actuation Methods for Droplet Splitting in Micro-

fluidic Devices.

Reference Methodology Geometry Actuation MechanismsKey Parameters Main Findings

o Actuation . . .
Demonstrated real-time triggering of

Unger et al. . . S Pressure. . )
5 Experimental T-Junction Pneumatic microvalves droplet breakup via valve-induced
[182] . Membrane o
. channel constriction.
deformation
. . . Actuation Showed controllable switching be-
Agnihotri et . . L . :
al. [184] Experimental T-Junction Pneumatic microvalves pressure tween symmetric, asymmetric, and
' o Flow rate non-splitting regimes on demand.
. . J Channel Demonstrated valve-controlled transi-
Raveshi et . . Pressure-driven valve . . . .
Experimental T-Junction . deformation tion between breakup regimes without
al. [185] actuation . .
. Capillarity changing channel geometry.
. Valve tim- Enabled precise control over droplet
Yoon et al. . . . o ) . i
[186] Experimental T-Junction Pneumatic valve timinging size, breakup location, and splitting
o Pressure ratio through timed actuation.

4.6. Asymmetric Breakup

Asymmetric droplet breakup in T-junction microfluidic devices can arise not only
from externally applied forces but also due to inherent physical asymmetries in channel
geometry and pressure imbalances within the device itself. When the two outlet branches
of a T-junction differ in length [44,188], the droplet experiences unequal hydrodynamic
resistance during its transit, causing a pressure gradient that drives more fluid toward the
shorter branch. This results in the formation of asymmetrically sized daughter droplets,
with the smaller droplet typically forming in the channel offering higher resistance. Sim-
ilarly, asymmetric branch widths introduce variations in cross-sectional area and local
flow velocity, affecting the distribution of shear stress and interfacial tension on the drop-
let. A wider branch channel can accommodate a larger portion of the droplet volume,
leading to unequal splitting ratios. In addition to geometric parameters, imposing differ-
ent outlet pressures further enhances asymmetric splitting behavior. For example, apply-
ing a lower pressure at one outlet effectively “pulls” more of the droplet into that branch,
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while a higher back-pressure on the opposite side resists flow, skewing the splitting point
toward the high-resistance channel [65,118]. These effects can be intentionally exploited
to control droplet volume ratios for downstream applications or must be carefully man-
aged in systems where consistent, symmetric droplet division is required. Understanding
the influence of these passive physical factors is critical for designing predictable and ro-
bust droplet manipulation schemes in T-junction-based microfluidic networks.

When the lengths of the outlet branches are unequal, the hydraulic resistance R of
each branch differs significantly, as resistance in microchannels is governed by a modified
form of Hagen-Poiseuille’s law, where R « # for rectangular channels (with [ as

length, w as width, and h as height). A longer branch thus offers greater resistance to
flow, leading to pressure asymmetry across the droplet interface during splitting. This
imbalance causes a larger volume of the dispersed phase to enter the shorter (lower re-
sistance) branch, resulting in unequal daughter droplets. Similarly, when branch widths
are unequal, the variation in cross-sectional area influences local shear stress and Laplace
pressure gradients, which affect how the continuous phase shears the mother droplet. A
wider branch provides lower viscous resistance and a larger space for the droplet to ex-
pand, which favors the flow of more volume into that branch during splitting. This can
also reduce the local shear-induced breakup force in the narrower branch, leading to non-
uniform pinch-off dynamics and asymmetric splitting outcomes.

Link et al. [44] proposed an analytical expression to predict the critical Capillary
number (Ca,,) required for droplet breakup in symmetric T-junctions as a function of the
non-dimensional initial droplet length (L*), given by:

2

Ca,, =PL* (L*‘§ - 1) (20)

where 1 is a dimensionless constant dependent on the viscosity ratio (1). To extend this
model to more practical asymmetric configurations, Cheng et al. [2] developed a novel
correlation accounting for unequal outlet lengths and pressure gradients, given by:

2

Cag = (o L OL (175 = ¢73) @)

Here, ¥(p*, 4,{) is an empirical parameter incorporating the density ratio (p* = Z 4), vis-

4
cosity ratio (1) and the geometric asymmetry ({), defined as the ratio of longer to shorter
outlet branch lengths. The continuous phase viscosity has a strong effect on the
breakup/non-breakup regime criteria. This extended correlation has shown strong predic-
tive accuracy for determining breakup versus non-breakup regimes in axisymmetric T-
junctions, providing valuable design insight for engineering droplet-splitting microfluidic
systems.

In addition to geometrical factors, differences in outlet pressure can also profoundly
affect droplet splitting [65]. Imposing lower pressure at one outlet effectively reduces the
downstream pressure in that channel, which in turn increases the local pressure gradient
across the droplet during its entry into the junction. This pressure imbalance accelerates
the flow of the droplet toward the lower-pressure branch, creating a preferential flow
path. On the other hand, higher outlet pressure opposes droplet movement, increasing
the resistance in that arm and reducing the volume that enters it. At constant outlet pres-
sure difference, the final splitting volume ratio is not influenced by flow rate ratio but also
by initial droplet size, capillary number and viscosity ratio. As the initial droplet length
increases, the breakup regime transitions from non-breakup to asymmetric breakup with
tunnels, and finally to asymmetric breakup with permanent obstruction. The relationship
between splitting volume ratio and initial droplet length follows a V-shaped curve, with
a minimum splitting ratio occurring at intermediate droplet lengths. Capillary number
further modulates this behavior: for tunnel-mediated breakup, increasing Ca initially

https://doi.org/10.3390/act15020096


https://doi.org/10.3390/act15020096

Actuators 2026, 15, 96

37 of 56

raises volume ratio during the squeezing stage, but final volume ratio decreases due to
vortex formation that hinders tip movement. For permanent obstruction regimes, Ca
raises volume ratio during the squeezing stage but has minimal influence on final volume
ratios because the large droplet completely blocks both branches. The viscosity ratio sig-
nificantly alters flow resistance during splitting. At low viscosity ratios, final volume ratio
increases linearly with droplet size. In contrast, at high viscosity ratios, the volume ratio
decreases linearly, as high droplet viscosity increases resistance in one branch, diverting
flow to the opposite side. Higher viscosity also prolongs residence time, causing breakup
to occur closer to the centerline of the main channel, further affecting volume symmetry.
Additionally, Zhang et al. [65] concluded that the increasing outlet pressure difference
amplifies flow asymmetry, accelerating droplet movement toward the lower-resistance
branch and increasing the splitting volume ratio. These pressure-driven asymmetries can
be intentionally engineered to tune the droplet size ratio in applications where differential
volume control is desired, such as in dilution, gradient generation, or asymmetric cell en-
capsulation.

Under asymmetric boundary conditions, Zhang et al. [118] examined the influence
of surfactants on droplet splitting by varying the pressure difference (AP* = P{ — P;) and
bulk surfactant concentration (1,). The study found that as AP” increases, the volume
ratio of the resulting daughter droplets (V;/V,) decreases toward zero in both clean and
surfactant-laden systems, though the decline is slower in the latter due to reduced inter-
facial tension. The presence of surfactants induces asymmetric Marangoni stresses that
alleviate overall microchannel blockage and decrease the pressure difference between
droplet tips, thereby facilitating the formation of daughter droplets with nearly equal vol-
umes. Under the action of AP, the droplet exhibits asymmetric deformation at the T-
junction, accompanied by unequal velocity magnitudes along the left and right sides of
the bottom interface. This generates two distinct Marangoni stresses and corresponding
viscous drag stresses that counteract the asymmetry in deformation and splitting. Moreo-
ver, with increasing 1), the volume ratio (V; /V,) initially rises rapidly, then stabilizes, and
finally decreases slightly, reflecting a non-monotonic relationship between surfactant con-
centration and droplet symmetry during splitting.

Chen and Deng [45] concluded that the two boundaries separating the three flow
patterns shift toward smaller droplet lengths as the branch channel width decreases. This
is because droplets in narrower branch channels are more prone to obstruction, which
enhances small vortex formation and facilitates breakup. Thus, reducing branch channel
width promotes droplet breakup at the T-junction. Furthermore, Kumar and Pathak [46],
in their numerical investigation, introduced ribbed arrangements in the main channel of
the T-junction to promote the formation of smaller droplets. These droplets can then be
efficiently split into two daughter droplets in a sequential T-junction, particularly when
the branch channel width is narrow.

Stable asymmetric splitting of plugs has been achieved through the use of a fluidic
loop structure, as reported by [44,189,190]. In this configuration, droplets or plugs are in-
troduced into a microfluidic loop with unequal arm lengths, where the difference in hy-
drodynamic resistance between the two arms naturally dictates the splitting ratio. As
plugs enter the loop, they encounter a choice between the two branches; the lower-re-
sistance (shorter) arm receives a larger portion of the plug volume, resulting in a predict-
able and repeatable asymmetrical division. Fu et al. [190] investigated the breakup dy-
namics of bubbles in a microfluidic T-junction embedded within an asymmetric loop, with
particular focus on the role of hydrodynamic feedback from downstream channels. The
study demonstrates that bubble breakup is significantly influenced not just by the local
geometry and flow conditions, but also by the presence of bubbles in downstream chan-
nels, which alters flow resistance and thereby affects pressure distribution and breakup
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symmetry. The authors developed a theoretical model accounting for both coherent chan-
nel resistance and additional resistance induced by bubbles, successfully predicting the
splitting volume ratio between daughter bubbles in the two branches of the junction. Nie
and Kennedy [189] demonstrated that the split ratio in a fluidic loop structure is influ-
enced by both the geometric dimensions of the loop channels and the frequency at which
plugs are introduced into the loop. By adjusting these parameters, a wide range of asym-
metrical splitting behaviors could be achieved, enabling precise control over the volume
of daughter plugs. The system demonstrated excellent long-term stability and reproduci-
bility, with consistent plug sizes maintained by over thousands of splitting cycles.

5. Extended Considerations in Droplet Splitting Microfluidic Systems

Beyond geometric design, passive regimes, and active methods, an integrated under-
standing of dynamic control strategies, material and surface effects, and advanced com-
putational and data-driven modeling frameworks are required for precise and scalable
droplet splitting in microfluidic junctions. These extended considerations collectively en-
able robust manipulation of droplet size, symmetry, and reproducibility, particularly un-
der fluctuating operating conditions or in high-throughput, multiplexed, and long-dura-
tion applications. As microfluidic systems continue to evolve toward greater functional
complexity and automation, these extended considerations become essential for overcom-
ing the constraints of purely geometry-driven droplet manipulation.

Active control mechanisms enable real-time regulation in interfacial dynamics, al-
lowing for droplet size, symmetry and breakup mode to be dynamically tuned in response
to changing flow conditions or performance objectives. Simultaneously, channel material
selection and surface wettability govern droplet-wall interactions, influencing adhesion,
detachment, and preferential splitting pathways that can either enhance or impede con-
trolled breakup. Complementing these experimental strategies, computational and data-
driven modeling framework provide predictive insight into multiphase flow behavior,
enabling systematic exploration of parameters spaces that are difficult or impractical to
access experimentally. Together these approaches establish a comprehensive foundation
for achieving robust, reproducible, and application-specific droplet splitting, supporting
technologies ranging from single-cell analysis and drug delivery to digital microfluidics
and autonomous lab-on-chip systems.

Accordingly, this section first examines active control and dynamic regulation strat-
egies for droplet splitting (Section 5.1), followed by a discussion of the influence of channel
material and surface properties on breakup behavior (Section 5.2), and concludes with an
overview of computational, data-driven, and Al-enabled modeling frameworks that sup-
port predictive design an autonomous microfluidic system (Section 5.3).

5.1. Active Control and Dynamic Regulation of Droplet Splitting

Precise regulation of droplet splitting in microfluidic T-junctions is essential for
achieving reproducibility, tunability, and scalability in a wide range of applications, in-
cluding single-cell assays, drug delivery, and digital microfluidics. To overcome the in-
herent limitations of passive systems, advanced active control strategies have been devel-
oped which dynamically manipulate flow conditions and interfacial forces. These strate-
gies can be broadly categorized into flow rate modulation, feedback and closed-loop con-
trol, real-time imaging and adaptive control, and synchronization of multiple droplet
splitting events.

Modulating the flow rates of the continuous and dispersed phases remains one of the
most direct and widely adopted methods for controlling droplet splitting behavior. Ad-
justing the upstream flow rates tunes to the Capillary number (Ca), which determines the
balance between viscous shear and interfacial tension forces. Small variations in Ca can
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significantly alter the breakup regime and the resulting daughter droplet size ratio [191].
Introducing outlet channel asymmetry via length or pressure differences enables precise
control of droplet size ratios when combined with optimized flow rates [192]. Flow-rate
pulsation has also been explored as dynamic control mechanism. Kovalev et al. [192]
demonstrate that pulsation frequency and amplitude strongly affect plug length distribu-
tions and breakup modes, with higher viscosity-ratio systems showing increased sensitiv-
ity.

Closed-loop control introduces automation by incorporating real-time feedback from
sensors or detectors to dynamically adjust parameters such as flow rate, pressure, or volt-
age. These systems are particularly beneficial in high-throughput or long-duration exper-
iments, where variations in fluid properties or environmental drift can lead to perfor-
mance degradation. Feedback-controlled platform employing on-chip sensors and a PID
controllers have been shown to maintain consistent splitting ratios by compensating for
any disturbance [193].

Coupling high-speed imaging with adaptive algorithms enables responsive, data-
driven manipulation of droplets. Real-time imaging provides instantaneous feedback on
droplet position, shape, and deformation, which can be processed to inform control ac-
tions within milliseconds. Employing high-frame-rate optical microscopy integrated with
custom image-processing algorithms to dynamically adjust electric field intensities,
achieving precise asymmetric droplet splitting [194]. This adaptive framework allows for
individualized droplet handling, particularly advantageous for heterogeneous systems
such as drug screening, combinatorial synthesis, and multiplexed diagnostics. Current
challenges in this domain include computational latency and integration of image analysis
with hardware actuation, though emerging advances in embedded processing and ma-
chine learning are rapidly addressing these limitations [195].

In microfluidic networks with multiple parallel or sequential droplet operations, syn-
chronization is essential to maintain consistency, prevent coalescence, and avoid channel
blockage. Synchronization strategies focus on aligning droplet arrival times and spacing
through coordinated control of flow rates, actuation timing (via electric, magnetic, or
pneumatic stimuli), or phase-locked feedback systems. Abate and Weitz [191] achieved
synchronization by balancing flow resistances and implementing feedback to harmonize
droplet generation and downstream processes. More recently, Wang et al. [196] developed
an electro-pneumatic actuation platform synchronized to droplet arrival events, maintain-
ing consistent splitting under fluctuating upstream conditions. Such approaches are criti-
cal for droplet-on-demand systems, digital microfluidic logic, and multiplexed biochemi-
cal assays.

5.2. Influence of Channel Material and Surface Properties

Channel material selection and surface wettability play a central role in droplet-based
microfluidic systems by governing fluid-wall interactions that influence droplet for-
mation, deformation, detachment, and splitting [15]. Wettability determined whether
droplet adhere to channel walls or move freely, directly affecting flow regimes, droplet
size, and breakup dynamics [197-199]. Hydrophilic walls tend to promote stronger adhe-
sion between the droplet and the surface, resisting droplet splitting and elongating the
squeezing phase [15]. Compared to hydrophobic walls, lower wall adhesion, encouraging
faster detachment, promote flowability and asymmetric splitting [197]. Droplets have
preferential splitting toward the most wettable surface, as surface energy gradients induce
asymmetric pressure fields at the T-junction [15]. This is advantageous when directional
control or sorting of droplets is desired without using external actuation. Surface func-
tionalization and wettability modification are therefore closely intertwined in determin-
ing the performance and application range of microfluidic devices [197,200,201].
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Microfluidic channels can be fabricated using various materials, including glass, sil-
icon, polymers, or composites thereof. Among these, polymer-based microfluidic systems
are particularly advantageous due to their flexibility, biocompatibility, low environmental
footprint, and suitability for large-scale manufacturing through diverse surface modifica-
tion techniques [197,198,202,203]. Polymers commonly employed in microfluidic fabrica-
tion include polydimethylsiloxane (PDMS) [204,205], poly (methyl methacrylate)
(PMMA) [206,207], and cyclic olefin copolymer (COC) [208-212]. Of these, PDMS has be-
come the preferred material in academic research for constructing microfluidic devices.
Its popularity arises from several key features: excellent optical clarity, minimal autofluo-
rescence, non-toxicity when cured, ease of molding, biocompatibility, and high gas per-
meability, all of which make PDMS ideal for experimental studies and rapid device pro-
totyping. From an industrial standpoint, however, PDMS remains relatively costly, which
limits its feasibility for large-scale, low-cost manufacturing of microfluidic devices. Con-
sequently, industry tends to favor thermoplastic-based microfluidics over those made
from PDMS, glass, or silicon. Thermoplastics offer a more economical alternative and are
compatible with high-throughput fabrication techniques such as injection molding and
hot embossing, making them well-suited for mass production [213-215].

Nonetheless, various wet and dry surface modification techniques can be employed
to tune the surface properties of polymeric microchannels. Methods such as plasma treat-
ment [216,217], ultraviolet (UV) irradiation [218], piranha etching [219], salinization [220],
graft polymerization [200], chemical vapor deposition (CVD) [201], sol-gel processing
[221], and the formation of three-dimensional scaffolds (e.g., hydrogels) [222,223] enable
precise control over wettability and surface chemistry to meet specific biotechnological
needs [224,225]. Beyond modifying surface energy, immobilizing target biomolecules on
the channel surface is essential for creating application-specific microfluidic systems. In-
troducing functional groups such as hydroxyl, thiol, epoxy, NHS-ester, amine, carboxyl,
acrylic, aldehyde, carbodiimide, maleimide, isocyanate, and isothiocyanate enables cova-
lent attachment of biological molecules to the polymer surface [226-230]. Typically, these
functional groups are introduced after device fabrication to avoid interference with bond-
ing processes and to ensure optimal functionalization.

5.3. Computational and Data-Driven Modeling of Droplet Splitting in Microfluidics

Computational modeling provides a quantitative framework for analyzing droplet
splitting in microfluidic T-junctions under well-controlled conditions [50,53,231]. Due to
the complexity of droplet deformation, interfacial instabilities, and capillary-driven
breakup phenomena, numerical methods are essential for predicting droplet morphology,
breakup ratios, and critical operating parameters [43,47]. These approaches integrate con-
tinuum hydrodynamics with mesoscopic formulations to capture the coped effects of vis-
cous, inertial, and interfacial forces. The motion of immiscible fluids is commonly de-
scribed by the incompressible Navier—Stokes equations coupled with interfacial force
models such as continuum surface force (CSF) formulation introduced by Brackbill et al.
[232]. Interface-capturing techniques including Volume of Fluid (VOF), Level Set (LS),
Phase Field (PF), and Front Tracking (FT) methods are widely used to resolve interfacial
dynamics [233-235], with hybrid methods such as CLSVOF improving numerical stability
and curvature estimation [234]. VOF-based studies have been widely applied to droplet
formation and breakup in T-junctions [236,237].

The Lattice Boltzmann Method (LBM) has gained prominence for simulating multi-
phase flows in microfluidic environments [14,238-240]. Derived from the Boltzmann
transport equation, LBM offers computational efficiency, natural parallelizability, and
suitability for GPU acceleration. Additionally, LBM accommodates complex channel ge-
ometries and realistic wetting behaviors, making it suitable for simulating surfactant-
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contaminated droplets and patterned microchannels [14]. Accurate simulation requires
careful specification of inlet, outlet, and wall boundary conditions, as well as appropriate
treatment of wettability through contact-angle models. Local mesh refinement near inter-
face is commonly used to resolve capillary stresses. Validation is typically performed
through comparison with high-speed visualization experiments, focusing on metrics such
as capillary number, breakup time, elongation, and daughter-droplet volume ratio
[53,77,231].

Recent advancements have coupled conventional numerical solvers with data-driven
and machine learning (ML) frameworks to accelerate parametric studies and optimize de-
vice geometries. Neural-network-assisted reduced-order models have demonstrated the
ability to predict breakup regimes with reduced computational costs [43], while hybrid
methods such as LBM-DEM and LBM-PF capture complex droplet—solid interactions,
surfactant effects, and nanoparticle-stabilized emulsions [14].

Al-driven approaches have further expanded modeling capabilities by enabling di-
rect inference of droplet behavior from data. As demonstrated by Liu et al. [241], applica-
tions now span droplet generation, breakup dynamics, material synthesis, and biomedical
analysis [241-243]. Neural networks and regression models have been trained to predict
droplet size, deformation, and breakup regimes with high precision, while reinforcement
and Bayesian learning frameworks enable adaptive optimization of flow parameters and
geometries [241,243]. In material synthesis, Al-assisted droplet reactors autonomously
tune reaction conditions for nanoparticle and microparticle fabrication. In biomedical con-
texts, convolutional neural networks (CNNs) and object detection algorithms such as
YOLO facilitate high-throughput, label-free droplet classification, advancing single-cell
encapsulation, sorting, and screening. These methods enhance reproducibility, scalability,
and efficiency, marking a transition toward autonomous lab-on-a-chip systems
[241,242,244].

Despite significant progress, Al frameworks still face challenges in interpretability,
generalization to complex geometries, and dependence on extensive, high-quality da-
tasets. A promising solution lies in hybrid modeling, where Al is coupled with physics-
based solvers to leverage the strengths of both. Physics-Informed Neural Networks
(PINNS) represent a leading approach in this domain. Instead of relying purely on data,
PINNs embed governing equations such as Navier-Stokes and Cahn-Hilliard directly
into the learning process through automatic differentiation [245], this eliminates the need
for mesh generation and allows for seamless integration of multifidelity or noisy data
[246,247]. While PINNSs currently trail traditional CFD solvers in benchmark precision,
their capacity to perform inverse modeling and parameter inference makes them particu-
larly useful when boundary conditions or material parameters are partially unknown
[245]. Recent developments, including XPINNs (domain-decomposed architectures),
adaptive activation functions, and Bayesian uncertainty quantification, further enhance
accuracy and robustness [247]. When properly implemented, PINNs can reconstruct ve-
locity fields and estimate unknown PDE parameters from sparse data [248]. In biomedical
flow studies, they have been applied to infer thrombus deformation using coupled Na-
vier-Stokes and Cahn-Hilliard equations, achieving convergence errors below 102 The
Auto-PINN framework, which applies neural architecture search (NAS) to optimize net-
work depth, width, and activation functions, has further improved solver stability and
efficiency [249]. Together, these computational and data-driven approaches are trans-
forming droplet microfluidics into a predictable and design-oriented discipline, enabling
virtual prototyping, optimization, and autonomous control of droplet splitting behavior.

6. Challenges and Limitations

https://doi.org/10.3390/act15020096


https://doi.org/10.3390/act15020096

Actuators 2026, 15, 96

42 of 56

As droplet splitting becomes more prevalent in microfluidic systems, maintaining
stability and reproducibility remains a major challenge. Small fluctuations in flow, fabri-
cation defects, and interfacial instabilities often determine whether breakup occurs, re-
flecting the high sensitivity of T-junctions to subtle variations [43]. The capillary number
(Ca) plays a crucial role in this transition; minor deviations from the critical Ca can shift
behavior between complete breakup and failure [84]. Fabrication asymmetries or surface
imperfections such as wall roughness create uneven pressure distributions, destabilizing
the droplet neck and producing inconsistent daughter droplet volumes [66]. Instabilities
can also arise from the formation of a thin tunnel between the droplet and channel wall,
which suppresses breakup and leads to non-splitting outcomes under otherwise identical
flow conditions [66]. In contrast, high-viscosity systems may generate satellite droplets
that reduce control and uniformity across experiments [30]. Although numerical models
such as CLSVOF and lattice Boltzmann simulations can predict breakup boundaries under
ideal conditions, experimental results often diverge due to unaccounted flow disturbances
and fabrication imperfections [43].

Droplet coalescence during or after splitting further complicates repeatability. Rapid
film drainage between neighboring droplets can collapse the interface and cause merging,
which may cascade through droplet trains as larger droplets slow and collide with trailing
ones [250]. The probability of coalescence depends strongly on surfactant coverage; drop-
lets with high surface coverage (> 98%) remain stable, while under-coated ones (< 16%)
fuse rapidly [251]. Adjusting surfactant concentration and contact time enables selective
fusion ratios (1:1, 2:1, or 3:1), which is critical for applications such as single-cell assays
and digital PCR [251]. Collision velocity also influences coalescence; slow impacts favor
merging, intermediate speeds cause slipping, and high-speed collisions can fragment
droplets [252]. Around Ca = 0.02, small variations in flow can shift behavior between
stable and merging regimes [252]. Surfactant-induced Marangoni stresses enhance drop-
let stability by rigidifying interfaces and suppressing stagnation points, reducing the like-
lihood of fusion [253]. Nevertheless, breakup and coalescence remain interconnected; dur-
ing pinch-off, filament thinning can produce satellite droplets that may re-merge with pri-
mary ones if not stabilized [30]. Using inertial microflows to remove these satellites im-
proves uniformity and splitting fidelity.

At the device level, scalability and integration introduce additional design chal-
lenges. Lab-on-PCB technology provides a promising route for scalable microfluidic sys-
tems, combining fluidic, electronic, and sensing elements on a single, manufacturable
platform [254]. PCB-based devices with integrated thermal microchannels demonstrate
that complex structures can be directly fabricated on electronic substrates, reducing cost
and simplifying scale-up. However, achieving precise droplet control in high-throughput
systems remains difficult. Passive geometries such as T-, Y-, and bypass junctions are sim-
ple and robust but limited in adaptability when scaled. Active mechanisms, such as, pneu-
matic, acoustic, electric, magnetic, or thermal, enable real-time control of droplet size and
frequency, though they increase system complexity and energy consumption [43,255]. At
the device level, scalability and integration introduce additional design challenges. PCB-
based devices with integrated thermal microchannels demonstrate that complex struc-
tures can be directly fabricated on electronic substrates, reducing cost and simplifying
scale-up. Overall, droplet stability, interfacial control, and system scalability must be op-
timized together to ensure reproducible splitting performance. Understanding how flow
parameters, surface conditions, and actuation methods interact is key to developing high-
fidelity, large-scale droplet-based microfluidic platforms.

7. Emerging Trends and Future Directions
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Recent advances in microfluidic droplet splitting are trending toward systems that
are adaptive, intelligent, and multifunctional, combining physical modeling with data-
driven design [43,47]. Droplet breakup in non-Newtonian and viscoelastic fluids are more
complex than simple Newtonian ones; shear-thinning and elastic effects slow down drop-
let splitting, forming thin filaments and bead-like structures that allow for the generation
of daughter droplets with controlled sizes [256,257]. Studies have shown that these elastic
stresses stabilize the droplet neck through repeated stretching and relaxation cycles, im-
proving control for encapsulation, slow release, and micro-scale reactions [231]. At the
same time, digital microfluidics and 3D printing are revolutionizing device design. Re-
configurable digital systems now allow for droplet creation, movement, and splitting
without fixed channel geometries [43], while high-resolution 3D printing enables rapid
fabrication of junctions and embedded sensors with features smaller than 50 pm [192].
Using multiple materials during printing also allows for control over droplet wetting and
flow behavior by tuning surface properties.

The integration of artificial intelligence (AI) and machine learning (ML) represents a
major shift in the field. AI models trained on experimental and simulated datasets can
predict breakup behavior, classify droplet morphologies, and optimize control parame-
ters such as capillary number, viscosity ratio, and droplet length in real time [231]. These
data-driven tools accelerate experimentation and enable adaptive feedback, allowing for
devices to self-correct for flow instabilities. Together, Al, digital microfluidics, and addi-
tive manufacturing are paving the way for self-optimizing systems capable of learning
from experimental results and automatically adjusting their performance for greater sta-
bility and throughput. Looking ahead, future developments in acoustic droplet splitting
may involve hybrid systems that combine SAWs and BAWSs to exploit the strengths of
both methods [172,179]. Managing the heat generated during high-power acoustic actua-
tion is an area of active research, as is the design of biocompatible acoustic protocols that
avoid damaging sensitive biomolecules or cells [43,256,258]. Integration of machine learn-
ing for real-time optimization of acoustic parameters could further enhance precision and
adaptability, while three-dimensional acoustic fields may enable more complex droplet
manipulations in volumetric microfluidic networks [43,78,231,259]. In synthetic biology,
diagnostics, and single-cell research, these advances open new frontiers; controlled drop-
let splitting enables high-throughput screening, digital PCR, and precise single-molecule
assays, improving efficiency while minimizing reagent use [258-260]. The combination of
intelligent control, flexible fabrication, and precise fluid handling will define the next gen-
eration of lab-on-chip platforms, systems that not only manipulate droplets but also ana-
lyze, predict, and adapt autonomously.

8. Conclusions

Microfluidic droplet splitting in T-junction geometries has evolved into a highly ver-
satile and foundational operation in droplet-based microfluidics, enabling precise and re-
producible volume partitioning for applications ranging from single-cell analysis and dig-
ital assays to chemical synthesis and material fabrication. This review has synthesized the
current state of the art in droplet splitting in T-junction microchannel, with particular em-
phasis on the underlying flow physics, the role of channel geometry and material proper-
ties, and passive and active control strategies. By organizing existing studies around
shared physical mechanisms and governing parameters, this work provides a unified per-
spective on how droplet splitting behavior can be predicted, controlled, and tailored for
specific applications.

Passive droplet splitting approaches, driven by hydrodynamic resistance, shear
stress, interfacial tension, and channel architecture, remain attractive for their simplicity,
robustness, and ease of integration into large-scale microfluidic networks. These methods
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are well-suited for high-throughput and low-complexity systems where reproducibility
and operational stability are paramount. In contrast, active actuation strategies, including
electric, magnetic, thermal, acoustic, and pneumatic, enable on-demand modulation of
droplet breakup, offering enhanced tunability, asymmetry control, and adaptability to
changing flow conditions. Such approaches are particularly valuable in dynamic, feed-
back-driven environments where precise control over splitting ratios and timing is re-
quired.

Despite significant progress, several challenges continue to limit the widespread de-
ployment of T-junction droplet splitting systems in complex, real-world applications.
These include maintaining consistent splitting ratios at high throughput, reducing sensi-
tivity to fabrication tolerances and device-to-device variability, and integrating multiple
droplet operations, such as splitting, merging, sorting, and sensing, within compact and
scalable platforms. Addressing these challenges will require closer integration of experi-
mental design, computational modeling, and real-time sensing. Looking forward, hybrid
systems that combine the inherent robustness of passive geometries with the precision
and adaptability of active actuation represent a particularly promising direction. The in-
corporation of computational modeling, data-driven optimization, and machine learning-
enabled control is expected to further enhance predictability and performance, enabling
autonomous adjustment of operating conditions in response to fluctuations in flow or ma-
terial properties. Concurrent advances in fabrication techniques, surface engineering, and
microscale sensing are also anticipated to expand the functional envelope of T-junction
droplet systems.

Overall, continued research into actuation strategies, flow manipulation, and phys-
ics-guided design will pave the way toward next-generation microfluidic platforms that
are scalable, programmable, and application-specific. As these technologies progress, T-
junction-based droplet splitting is shown to remain a cornerstone of droplet microfluidics,
creating future advances in biomedical diagnostics, high-throughput screening, drug de-
livery, synthetic biology, and emerging lab-on-a-chip technologies.

Author Contributions: X.M.S.: Literature search, Data curation, Formal analysis, Writing —Original
Draft; L.Y.R.: Literature search, Data curation, Formal analysis, Writing —Original Draft; E.M.: Lit-
erature search, Writing—Original draft; R.O.A.: Writing—Review and editing, Visualization;
S.M.A K.M.: Writing—Review and editing, Visualization; M.M.R.: Writing —Review and editing,
Visualization; and P.K.: Conceptualization, Literature search, data curation, writing —original draft
preparation, writing —review and editing and Supervision. All authors have read and agreed to the

published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data will be made available upon request to the author.
Acknowledgments: We thank the University of Texas at El Paso for providing resources.

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

Abbreviations

The following abbreviations are used in this manuscript:

AC Alternating Current

Al Artificial Intelligence

AM Amplitude-Modulated

BAW Bulk Acoustic Waves

BB Both droplet Breakup

BNO Breakup with No Obstruction
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BPO Breakup with Permanent Obstruction
BTO Breakup with Temporary Obstruction
Ca Capillary number

CFD Computational Fluid Dynamics
CLSVOF  Coupled Level-Set and Volume-Of-Fluid method
CNNs Convolutional Neural Network

cocC Cyclic Olefin Copolymer

CSF Continuum Surface Force

CVD Chemical Vapor Deposit

DEP Dielectrophoresis

DS Double Splitting

FSW Flowing through the Same Branch

FT Front Tracking

HASM Hybrid Asymmetric Splitting Mode
IDT Interdigitated Transducer

LBM Lattice Boltzmann Method

LOC Lab-On-Chip

LS Level Set

ML Machine Learning

NAS Neutral Architecture Search

NB No Breakup

OB Outer droplet Breakup

Oo/wW Oil-in-Water

PCB Printed Circuit Board

PCR Polymerase Chain Reaction

PDE Phosphodiesterase

PDMS Polydimethylsiloxane

PF Phase Field

PINN Physics-Informed Neural Network
PWM Pulse-Width-Modulated

Re Reynolds number

RF Radiofrequency

SAW Surface Acoustic Waves

SE-IDT Slanted-Finger Interdigitated Transducer
TB Twice Breakup

uv Ultraviolet

VOF Volume-of-Fluid method

We Weber number
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