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Microfluidics, the science and technology of manipulating fluids in microscale
channels, offers numerous advantages, such as low energy consumption,
compact device size, precise control, fast reaction, and enhanced portability.
These benefits have led to applications in biomedical assays, disease diagnos-
tics, drug discovery, neuroscience, and so on. Fluid flow within microfluidic
channels is typically in the laminar flow region, which is characterized by low
Reynolds numbers but brings the challenge of efficient mixing of fluids. Periodic
flows are time-dependent fluid flows, featuring repetitive patterns that can sig-
nificantly improve fluid mixing and extend the effective length of microchannels
for submicron and nanoparticle manipulation. Besides, periodic flow is crucial
in organ-on-a-chip (OoC) for accurately modeling physiological processes, ad-
vancing disease understanding, drug development, and personalized medicine.
Various techniques for generating periodic flows have been reported, including
syringe pumps, peristalsis, and actuation based on electric, magnetic, acoustic,
mechanical, pneumatic, and fluidic forces, yet comprehensive reviews on this
topic remain limited. This paper aims to provide a comprehensive review of
periodic flows in microfluidics, from fundamental mechanisms to generation
techniques and applications. The challenges and future perspectives

1. Introduction

Microfluidics is the science and technology
of manipulating minute volumes of fluids
in channels ranging from several microns
to several hundreds of microns.[! This field
offers numerous advantages, including low
energy consumption,?l minimal material
and fluid usage,>* precise control,5] fast
reaction,®! high throughput,/”! integration
of multiple functions,®! process optimiza-
tion and automation,”! multiplexing,['?]
and increased portability.['"12] As a result,
microfluidics has found applications in a
wide range of fields, such as biomedical
assays,!!3 particle manipulation,!'* on-chip
diagnostics,[>! genetic engineering,['/ and
neuroscience.l'”] Additionally, microfluidic
systems can mimic biological functions,
leading to the development of organ-on-a-
chip (OoC) devices that replicate human or-
gan functions.[1#19]
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Fluid dynamics within microchannels
greatly affect the functionality of microflu-
idic devices. In microfluidics, fluid flow
typically is at low Reynolds numbers,
where viscous forces dominate over iner-
tial forces, resulting in laminar flow.["]
Mixing in laminar regimes is limited by molecular diffusion.!?!]
Periodic flows, such as pulsatile and oscillatory flows, are char-
acterized by cyclic patterns over time. When properly designed,
these flows can enhance the functionality, performance, and
adaptability of microfluidic devices in biomedicine, chemistry,
and engineering.??] For instance, pulsations can induce flow in-
stabilities that improve fluid mixing in low Reynolds number
flows.[*?*] Oscillatory flows can also extend the effective length of
microchannels, which is beneficial for submicron and nanopar-
ticle manipulation by inertial and viscoelastic forces.?>2¢] Mim-
icking human biological functions in microfluidics using pe-
riodic flow can facilitate the understanding of disease mecha-
nisms, drug development, and personalized medicine.[?’) Emerg-
ing OoC approaches aim to recapitulate pulsation features of car-
diovascular to study cellular behaviors and interactions related to
cardiovascular physiology, pathology, and pharmacology.!?8]

To date, many periodic flow generation techniques have
been reported, including syringe pumps,!®! peristalsis,3%
pneumatic,332  electric,3*]  magnetic,3*®]  acoustic,!3¢3]
mechanical,*® and fluidic actuation,?**°! as well as methods
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Figure 1. A schematic overview of periodic flows in microfluidics, covering theoretical fundamentals, generation techniques, and applications.

using material phase transitions,*1*?] hydroelasticity,**** and
air bubble flexibility.**] Despite the significant importance of
the versatile and efficient generation of periodic flows, com-
prehensive reviews on this topic are scarce. So far, only one
paper has reviewed the pulsatile flow in microfluidics, with a
particular focus on applications.[* Periodic flow generation is
vital for microfluidic systems. Understanding and controlling
these flows are essential for designing efficient and reliable
microfluidic systems.

This review aims to provide a comprehensive overview of
periodic flows in microfluidics, including the fundamentals of
periodic flows, generation techniques, and their applications as
illustrated in Figure 1. We first explain the theoretical funda-
mentals of periodic flows using the hydraulic-electric analogy.
Next, we study the working principles, device designs, and
performances of periodic flow generation techniques based
on the classification of pressure, resistance, and capacitance.
Furthermore, we summarize the recent advances in applications
of periodic flow in fluid mixing, heat transfer, droplet/bubble
generation, particle manipulation, filtration enhancement,
biomimicry etc. Finally, we discuss the challenges and future
research directions in harnessing the potential of periodic
flows.
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2. Fundamentals of Periodic Flows in Microfluidics

2.1. Pulsatile and Oscillatory Flows

Fluid flows in microchannels can be steady or unsteady
(Figure 2). Steady flows indicate that the fluid velocity is con-
stant and independent of time everywhere in the microchan-
nels (Figure 2A). In contrast, fluid velocity varies with time
in magnitude, direction, or both in unsteady flows. Peri-
odic flows are a type of unsteady flow, and the fluid motion
in microchannels exhibits repetitive patterns over time. The
two most common periodic flows are pulsatile and oscillatory
flows.[*]

In a pulsatile flow, the fluid has a net movement after a pe-
riod (Figure 2B). For example, heart pumping in the human
cardiovascular system generates a rhythmic pulsatile blood flow
throughout the body.>®! Pulsatile flows induce fluctuating shear
stresses on the walls of the channel or vessel, significantly af-
fecting the behavior of suspended particles, cells, or biological
tissues.[*0>1:52] Therefore, the pulsatile flows are ubiquitous in
cleaning fouling deposits in bio-industrial equipment,*’! miti-
gating filter clogging, >3] automating bioassays,**l and improving
cell cultures.>]
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Figure 2. The flow velocity profile of A) steady flow, B) simple pulsatile flow, and C) an oscillatory flow profile where U, /U, is the ratio of instantaneous
velocity to the maximum velocity. Reproduced with permission.[#¢] Copyright 2019, John Wiley and Sons. D) Velocity profile under steady and periodic
Poisuelle flows. Reproduced with permission.[*8] Copyright 2012, Springer Nature. Reproduced with permission.[4?l Copyright 2010, The Institute of
Physics. E) Circular microchannel and coordinates. F) Rectangular microchannel and coordinates.

Oscillatory flows share some similarities with pulsatile flows
but are typically distinguished by periodic back-and-forth motion
rather than pulsations in flow velocity.>®! Figure 2C shows os-
cillatory flows with a net-zero flow rate of each cycle. These net-
zero flow properties can create virtually “infinite” long channels,
where fluid and suspended particles can be transported with suf-
ficient residual time, which is especially advantageous for the lat-
eral migration of small particles.[?*>’] The waveforms of oscilla-
tory flows can be sinusoidal, square, rectangular, triangular, and
sawtooth.[%®]

2.2. Oscillatory Reynolds Number (Re,)

In steady flows, Reynolds number (Re), defined as the ratio be-
tween inertial forces and viscous forces, can be used to pre-
dict fluid flow regimes.’>¢! In oscillatory flow, the oscillatory
Reynolds number (Re,), derived based on Re and oscillation char-
acteristics, has been used to determine the nature of an oscillatory
fluid flow.

Inertial forces  ud ud
Re = —f U0 _ PUG 1)
Viscous forces v U
2nfxypd
Re, = 2nfxpdy )
7

Here, p is the fluid density, d,, is the channel hydraulic diam-
eter, u is the dynamic viscosity, v is the kinematic viscosity, u is
the (time-independent) mean flow velocity, fis the oscillation fre-
quency, and x, is the amplitude.
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2.3. Governing Equations for Oscillatory Flow

The incompressible Navier-Stokes equation considering
uniform-viscous Newtonian fluids with no body forces is
given by the Equation (3), where #i is the fluid velocity field, ¢ is
time, and p is the pressure.[®2-64

p—=—puVi—-Vp+uV:i 3)

The governing equation for a time-dependent fluid flow in a
straight channel is:(¢3-6]

Considering a pressure-driven oscillatory laminar flow (see
Figure 2D),[*8#] characterized by zero mean velocity in a straight
microchannel with circular or rectangular cross sections, the
Navier-Stokes equation can be written as:(©>-8
%:Kcoswt+vvzﬁ (4)

Here, K is the magnitude of the oscillations, and w is the fre-

; o’ 10 0\ i .
quency. V2is expressed as (—= + - —(r=)) in circular microchan-

nels (Figure 2E), and equals to (i + %) for rectangular mi-

oy?
crochannels (Figure 2F).

2.4. Hydraulic-Electric Analogy

The fluid transport in microfluidics shares a similar law
with the electrical current transport in electrical circuits. For
example, the parameter given by Hagen-Poiseuille’s law for flu-
idic resistance is analogous to the electric resistance given by
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Table 1. The analogy between fluidic and electric circuits.[6270.72-76]
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Fluidics

Electronics

Volume V [m?]

Flow rate Q [m? s7]:

Pressure P [N m~2]:

Fluidic resistance Ry [N s m™]: AP = Q Ry,

AP

T . L A=, =
Fluidic inertia (hydraulic inertance) L, [kg m™]: L, = p = T
Fluidic capacitance Cyy [m> N7'J:

— d(p) ()
2=0Cu dt +P dt

Electric charge g [C]

Current | [A]:
Voltage V¢ [V]:

Electric resistance Rg [Q]: Vp = | R
Inductance Lg [H]: Lg = i{') = (d(z_idt)
Electric capacitance Cg [F]:
I1=C 28 4y, L)

dt

Ohm’s law in an electronic circuit.[*>%°) Further details of this
hydraulic-electric analogy are summarized in Table 1 and illus-
trated in Figure 3.7%7 In the equations, t is the time, p is the
fluid density, I is the microchannel length, A is the channel cross
sectional area, and @;, is the magnetic flux of current I. This anal-
ogy helps to analyze sophisticated fluidic behaviors and design
complex channel networks.

2.4.1. P-Ry, Circuit

Equation (5) shows that periodic flow rates can be obtained
by varying the pressure difference (AP) across the channel, the
fluidic resistance (Ry), or both. Many on-chip and off-chip pumps
have been reported to provide time-dependent pressure sources
for driving fluid flow.””78]

The fluidic resistance (Ry) is a function of channel geometry,
dimensions, and fluidic properties. The fluidic resistances of a
straight microchannel with circular (R;,) and rectangular (R,..)
cross sections are respectively expressed as:l”]

o . 8ul
For a fluidic circuit that consists of a pressure source (P) anda R, = i4 (6)
fluidic resistance Ry; based on Hagen-Poiseuille’s law, the volu- T
metric flow rate of fluids within the channel is:(*] |
12 u
AP Ry ®# ——F—— )
0=z ) wi (1-222)
Ry "
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Figure 3. The schematic of the hydraulic-electric analogy. Reproduced with permission.l’?l Copyright 2023, The Royal Society of Chemistry. A) Typical
electrical circuit. B) Fluidic circuit. C) Electrical components and respective analogous fluidic elements.

Small 2024, 20, 2404685

2404685 (4 of 26)

© 2024 The Author(s). Small published by Wiley-VCH GmbH

85UB01 7 SUOLUWIOD aA 118D 3|l jdde ay) Aq pausenob ae Sapiie O ‘8sn JO S9INJ 10} Aeiq1 8UUO /8|1 UO (SUOTHPUOD-PUR-SLLIBI WD A8 | AReq Ul |Uo//ScIY) SUORIPUOD pUe SWie 1 8y} 88S *[5202/T0/80] Uo Aiq1T8uluo A8]1M ‘se01AIeS 801n0say AR [ouds Aq S89K07Z0Z'[IWS/Z00T 0T/I0PALI0Y"A8| im" ARe.d 1 jpuluoy/sdny WoJj pepeo|umod ‘05 ‘v20Z '6Z89ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

where r, is the channel radius, w is the channel width, and h is
the channel height. Equation (7) assumes that w is greater than
h. Externally controlling the channel dimensions, e.g., shrinking
the cross sectional area to a minimum and creating substantial
fluidic resistance, can switch off the fluid flow, also called fluidic
transistors.l708]

2.4.2. P-R,,-C,, Circuit

Well-tuned fluidic resistance and capacitance can generate and
drive desired flows in microfluidics over constant pressure
sources.B1] A compliant element (i.e., an elastic or compressible
structure) can provide both fluidic resistance and capacitance.®?!
Deformation of a compliant element changes the dimensions of
the microchannel or microchamber and, hence, the fluidic resis-
tance in the microfluidic network.!®¥ This can be used to dynam-
ically regulate the fluid flow. In addition, a compliant capacitive
element can store potential energy by changing its shape or size.
In flow stabilizers, capacitive elements are carefully designed to
reduce undesired pulsations in the microfluidic network.[8+-3¢l
Besides, capacitive elements can induce pulsations in the fluid
flow using active or passive methods.[*4487]

This capacitive element can be an elastic membrane in a
microchamber, and its capacitance depends on its shape and
thickness.[”%! If the membrane and the microchamber are circu-
lar, the capacitance (C,) is:

1% (1-0?)
Cotm = T 16ES @
where ris the membrane radius, ¢ is Poisson’s ratio, E is Young’s
modulus, and § is the thickness of the membrane.

For a rectangular capacitor, its capacitance (C,, ) is expressed
as:l7%

3a* (1-0?) ab

C_w = n==
Trembrane 7 E&3 3+42n2+3nt b

©)

Here, a and b are the length and width of the rectangular mem-
brane, respectively.

In addition to elastomeric membranes, air bubbles,®® com-
pressible fluid,!®! and elastic tubing!*®! are also capacitive com-
ponents in microfluidic systems. The hydrodynamic capacitance
of an elastic tube (C,;,.) was found to have a damping effect
on hydrodynamic fluctuations in microfluidic systems and is ex-
pressed as:[°!]

=27rrizl[(1+a) r2—(1-20) r] (1)
E(z-7)

tube

where 1, is the inner diameter, 7, is the outer diameter of the tube.
For microfluidic devices made of compressible materials, e.g.,

polydimethylsiloxane (PDMS), microchannels can deform to

adapt to fluid pressure, which increases or decreases the chan-

nel volume. The capacitance of such a rectangular microchannel

can be estimated as:(°%!

¢ . _ahwli+o) "

microchannel E
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where «a is a constant coefficient depending on the ratio w/h.
Based on the above discussion, we can conclude that time-
dependent periodic flows can be obtained by controlling the
driven pressure and fluidic resistance in real time or employing
fluidic capacitive components to induce oscillatory flows. In the
next chapter, we will elaborate on the existing techniques for gen-
erating periodic flows from these three fundamental aspects.

3. Periodic Flow Generation

Various off-chip or on-chip, active or passive methods can gen-
erate periodic flow in microfluidic channels. The off-chip meth-
ods use separated equipment to produce the pressure source
and control fluid flow.**] These devices are connected to the mi-
crofluidic device by fluidic tubing. Therefore, the adverse effects
of off-chip devices (e.g., mechanical vibrations) minimally af-
fect the microfluidic arrangement.[**] However, these systems are
bulky.®>] Conversely, on-chip actuators are incorporated into the
microfluidic chip to control fluid flow in microchannels. These
actuators can increase the portability of microfluidic systems by
reducing the size and power requirement.’! Actuation can be
active, using external force fields such as mechanical, chemi-
cal, electrical, 1% or passive, relying on forces such as cap-
illary, viscous, and gravitational.’>1%112] The fundamental the-
ory discussed above leads to three strategies for generating pe-
riodic flows: driven pressure, fluidic resistance, or capacitance.
This section will elaborate on the current development of peri-
odic flow generation techniques from these three aspects and
explain the generation mechanism, device design, performance,
pros and cons.

3.1. Pressure

The most common technique for generating periodic flows is di-
rectly varying the driven pressure for the microfluidic system.!'13]
This section discusses various techniques and devices that can
produce variable pressure sources (Figure 4A).

3.1.1. Syringe Pumps

Syringe pumps are the most conventional devices in mi-
crofluidics due to the simplicity of setting up and operating
(Figure 4B).[1'7118] These are infusion-type pumps with a syringe
that exerts force to control fluid flow rate.['’) The force is ei-
ther applied manually or using a motor.2*121] The pump perfor-
mance is impacted by the syringe sizel'??! and the compliance of
the tubing between the pump and the device.['"12°] In terms of
generating a periodic flow, the speed of the piston movement can
be varied as necessary.'?°l The flow rate of a motorized syringe
pump is controlled by modulating the supply voltage of the di-
rect current (DC) motor. Commercial laboratory syringe pumps
are supplied by Harvard Apparatus, Postnova Analytics GmbH,
Landgraf Laborsysteme HLL GmbH, Longer Precision Pump Co.
Ltd., New Era Instruments, Masterflex, DK Infusetek Co. Ltd., etc.

Common syringe pumps operate in open-loop; thus, the real-
time flow rate cannot be determined while using this equipment.

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 4. A) Pressure-based periodic flow generation. B) Single-piston syringe pump. Reproduced with permission.l'™! Copyright 2023, The Public
Library of Science. C) Conventional roller-type peristaltic pump. Reproduced with permission.['1>] Copyright 2023, Frontiers. D) Peristaltic micropump
with flexible membranes actuated sequentially using piezoelectric micro pins. Reproduced with permission.!3%! Copyright 2019, Elsevier. E) Periodic
actuation of solenoid valves to control pneumatic pressure supply. Reproduced with permission.[23] Copyright 2020, The American Chemical Society.
F) Use of two 3-way valves at the inlet and outlet to generate forward and reverse flow. Reproduced with permission.['1] Copyright 2019, Springer
Nature. G) Regulating pneumatic pressure using an electronic pressure controller. Reproduced with permission.[>] Copyright 2022, The Royal Society
of Chemistry. H) Squeezing and releasing a latex balloon can generate periodic pressure. Reproduced with permission.[*] Copyright 2018, The Royal

Society of Chemistry.

The mean flow rate of a motorized syringe pump can be accu-
rate, but the flow profile can be noisy due to the mechanical vi-
brations induced by the motor.'?”] The size of syringe pumps
is large compared to the size of the microfluidic chips, nega-
tively affecting their portability.'?] Syringe pumps with feed-
back using proportional-integral (PI) and proportional-integral-
derivative (PID) control techniques can increase the linearity of
the flow profile.'?] The fluid volume that can be pumped us-
ing a syringe pump is limited.[3%) Therefore, syringe pumps
are incompatible with applications requiring continuous fluid
flow over a long period or when fluid recirculation is required.
However, programmable syringe pumps with infusing and with-
drawing features can generate periodic flows.['3!] Programmable
syringe pumps often generate oscillatory flows with low fre-
quency (0.1 Hz < f < 10 Hz).*!l In addition to directly control-
ling the fluid flow with a single programmable syringe pump at
the inlet, two or more pumps can also be configured to operate

Small 2024, 20, 2404685

2404685 (6 of 26)

simultaneously.'?”] For example, in a two-syringe pump setup,
the primary pump continuously produced the bulk flow, while
the secondary pump produced pulsations with pre-configured in-
fusing and withdrawal functions.[?) The produced periodic flow
meets the bulk flow at a T-junction, and the resultant flow be-
comes periodic.

3.1.2. Peristaltic Pumps

Peristalsis is the natural phenomenon of contraction and relax-
ation of muscles involuntarily to push fluids, primarily in the
digestive tract.'3?] Devices that use peristalsis motion to pro-
duce a fluid flow are called peristaltic pumps.['33] The peristaltic
roller pump comprises a motorized rotating roller that com-
presses and releases a flexible tube periodically.l'®! The flow rate
of a peristaltic pump depends on this compressing and releasing

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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frequency.** The outer shell accommodates the flexible tube,
and the roller is designed to trap a small fluid volume inside the
flexible tube and pull along with the rotational movement of the
roller.!35] This motion produces a pressure gradient inside the
tube, generating fluid flow.1"3¢] Peristaltic roller pumps are bidi-
rectional (Figure 4C), so they are suitable for producing periodic
flows.[1”] Furthermore, these are extremely useful when unidi-
rectional, pulsatile, and oscillatory flows must be generated us-
ing the same hardware configuration.!'38] Several leading suppli-
ers of peristaltic roller pumps include Leadfluid, Shenchen Baod-
ing Precision Pump Co. Ltd, Vapourtec Ltd., Longer Precision
Pump Co. Ltd., ISMATEC, New Era Instruments, and Dolomite
Microfluidics.

Peristaltic pumps are tagged as contact-free devices because
their components do not directly contact the fluid inside the flex-
ible tube.['*”] Additionally, they are preferred in applications re-
quiring continuous fluid flow or recirculation.[***) Multi-channel
peristaltic pumps can deliver fluid for multiple inlets.!140141]
A significant limitation of peristaltic pumps is the undesired
pulsatile flow caused by periodic compression of the tube or
channel.''?! This negatively affects applications requiring steady
and pulseless flow. Peristaltic pumps without rotating rollers
have been studied to mitigate long-term tubing damage due
to the outer surface shear forces.*?1%] Peristaltic pumps are
commonly expensive and large and have significantly fewer cus-
tomization features.[1*¢]

Miniaturization of peristaltic pumps in microfluidics has also
been reported.['*71%°] Commonly, peristaltic micropumps con-
sist of three microchambers with a flexible membrane on the
top or bottom wall. These three membranes are sequentially ac-
tuated by an external force to generate the desired flow.[!>1-13]
For example, three piezoelectric cantilevers deformed the flex-
ible membrane with micro pins (Figure 4D).3%* Program-
ming the piezoelectric micropin actuators can vary the flow di-
rection. In addition, peristaltic micropumps can be actuated us-
ing pneumatic, electrostatic, magnetic, mechanical, electrochem-
ical, and thermal methods.'>>158] Parameters such as the oper-
ating frequency, stroke volume, and actuation sequence are sig-
nificant when using peristaltic micropumps to generate periodic
flows.['%¢] Peristaltic micropumps have advantages, such as re-
sistance to high backpressure, tolerance to unnecessary bubble
formation, endurance, and self-priming.['>]

3.1.3. Pneumatic Actuation

Pneumatic-based systems are widely used in microfluidics due to
their higher degree of controllability. In pneumatic systems, com-
pressed air is supplied using a pressure source and guided to a
sealed reservoir connected to the inlet of microfluidic devices.[*¢"]
Compressors and pressure pumps are commonly used as the
pressure source in pneumatic pumping systems. In pneumatic-
based systems (Figure 4E), flow regulation is achieved by par-
tially or entirely closing valves.!?! Electromechanical valves, con-
trolled by periodic waveforms from a signal generator, can regu-
late the flow rate and direction.3!) A simple periodic flow genera-
tion setup connects a positive and a negative pressure source to a
solenoid valve.??] Cyclic opening and closing of the solenoid valve
generate the periodic flow. Changing the opening and closing
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time of the valve creates a range of frequencies. Asghari et al.[?’]

generated an oscillatory flow using a single pressure source and
two solenoid valves. A computer, microcontroller, and a DC to
alternating current (AC) converter produced the AC control sig-
nal, operating the solenoid valves. In addition, high-speed 3-way
valves connected to a single pressure source can generate peri-
odic flows.'%11 A configuration consisting of a valve at the inlet
and another at the outlet of a microfluidic channel was used to
create an oscillatory flow (Figure 4F).12] The periodic signal sup-
plied to the inlet valve was inversed to control the valve at the
other end of the channel.['1¢]

Electronic (or digital) pressure controllers have been widely
used to regulate pressure in microfluidic systems (Figure 4G).[162]
The flow rate magnitude and direction in these devices can be
electronically altered.3!] Mutlu et al. utilized an electronic pres-
sure controller with a 3-way valve to generate periodic flows.['®
In this study, the electronic pressure controller maintains the
constant pressure at the two inlets, where the 3-way valve gen-
erates the pulsations. A net forward flow is achieved by slightly
reducing the outlet pressure or setting a shorter “ON” time for re-
verse flow than the forward flow. Besides, each channel of an elec-
tronic pressure controller can be separately controlled. To gener-
ate an oscillatory flow using a single channel, a pressure source
and a vacuum source to operate on both positive and negative
parts of the pressure signal are required. The very low response
time (~10 ms for 100 mbar) of these devices is an advantage for
flow regulation. However, differences between the target and ac-
tual output waveforms must be considered for higher frequen-
cies and amplitudes.>" Elveflow OB1-MK3 and Fluigent Flow-
EZ are electronic pressure controllers in the market specially de-
signed for microfluidics.

A latex balloon connected to a microfluidic system via a sy-
ringe containing the working fluid can also generate a peri-
odic flow (Figure 4H)."* Flow rate variations are induced by
iteratively squeezing and releasing the balloon either manu-
ally or automatically.!®’] The suitability of reinforced latex bal-
loons (using elastane fibers) has been demonstrated for high-
flow rate applications.['®! The thickness, number of layers, and
circumference of the balloon affect the flow rate. Latex balloon-
based pumping is self-sufficient, contact-free with the working
fluid, low-cost, accessible, simple, and portable. However, latex
balloon-based systems are less accurate and have a limited fluid
volume.

3.1.4. Electric Actuation

Electric fields can effectively deliver fluid using electroki-
netic mechanisms such as electroosmosis and electrothermal
effects.l1%0166] Transporting an electrolyte solution through a mi-
crochannel or a porous material upon applying an electric field
refers to electroosmosis.!'®’] The interaction of the electrolyte so-
lution and the solid surface forms an electric double layer be-
tween the fluid and the charged surface. The applied electric field
interacts with the electric double layer and exerts a force on the
ions in the diffuse layer to move them. Therefore, an electroos-
motic flow can be simply generated by applying a voltage be-
tween the two ends of a microchannel without the use of me-
chanical parts.!'%] Electroosmotic transportation is common for
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Figure 5. A) Electrolysis generates nanobubbles to regulate the fluid flow. Reproduced with permission.[33] Copyright 2016, The Institute of Physics.
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permission.!41l Copyright 2023, Springer Nature. F) Peristaltic motion using a rotating ring-type permanent magnet. Reproduced with permission.

Copyright 2022, MDPI.

lower-conductive fluids because increasing conductivity can sig-
nificantly decrease flow velocity.!16%17]

A unidirectional flow can be generated by imposing a DC volt-
age, whereas an AC electric field can produce an oscillatory flow.
For example, an AC electric field imposed on a microchannel
with a solution of electric conductivity of 200 uS cm™' generated a
flow that alternated between the two reservoirs relative to the AC
signal.’”! For the working fluid with a high electric conductivity,
electro-thermal effects are significant to induce a fluid flow.'%! In
electrothermal actuation, electric heating produces temperature
gradients and induces body forces to move the fluid inside the
microchannel.['’!) The amount of heat generation depends on
the fluid conductivity and the applied electric field. Discretized
electrodes have successfully generated bidirectional flows using
a medium with an electrical conductivity from 0.1 to 1 Sm~1.1172]
However, regulating the fluid flow using Joule heating signifi-
cantly limits the pulsating frequency.!*>174]

Similarly, electrolysis can control fluid flows in microfluidic
devices.">] When water serves as the electrolyte and a voltage is
applied on metallic electrodes, H, and O, bubbles are formed.!*’!
These bubbles acquired space inside the microchamber, push-
ing the working fluid outwards (Figure 5A). Integrating a noz-
zle/diffuser maintains a net forward fluid flow while generat-
ing a pulsatile flow. The divergence angle, nozzle length, neck
width, and chamber depth are important parameters.!'’! Elec-
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[179]

trostatic bending actuators drive fluids in microfluidic devices
using the nano electrostatic driving principle, which combines
electrostatic forces with the bimorph leverage.'””] Two actua-
tors were sandwiched between silicon layers and actuated in op-
posite directions, squeezing and expanding the working fluid
(Figure 5B).1178] Due to passive valves, the forward flow is higher
than the backward flow, generating a pulsatile flow upon electro-
static actuation.

3.1.5. Magnetic Actuation

Magnetically actuated particles or structures have been used to
generate periodic flows.!'#15] Oscillating a magnetic bead inside
a microchamber affected the fluid flow inside (Figure 5C).78] The
bead was oscillated using a rotating magnet. Depending on the
structure of the microchamber, the generated flow can be unidi-
rectional or bidirectional. The magnetic bead is not easy to wear
because it moves freely inside the chamber. This concept elim-
inates interference from the current, electric field, or chemical
activity and is highly resistant to blockage due to debris. Besides,
the magnetic bead can be electromagnetically controlled using an
audio signal from a computer or a mobile device.

Artificial cilia mimic biological cilia, hair-like structures used
for transportation by synchronized movements.[®! Zhang et al.

© 2024 The Author(s). Small published by Wiley-VCH GmbH

85UB01 7 SUOLUWIOD aA 118D 3|l jdde ay) Aq pausenob ae Sapiie O ‘8sn JO S9INJ 10} Aeiq1 8UUO /8|1 UO (SUOTHPUOD-PUR-SLLIBI WD A8 | AReq Ul |Uo//ScIY) SUORIPUOD pUe SWie 1 8y} 88S *[5202/T0/80] Uo Aiq1T8uluo A8]1M ‘se01AIeS 801n0say AR [ouds Aq S89K07Z0Z'[IWS/Z00T 0T/I0PALI0Y"A8| im" ARe.d 1 jpuluoy/sdny WoJj pepeo|umod ‘05 ‘v20Z '6Z89ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

developed an array of magnetic artificial cilia using a compos-
ite of silicone elastomer (PDMS) and magnetic microparticles
(Carbonyl iron powder) (Figure 5D).3* This array can be ex-
ternally controlled using a permanent magnet or electromag-
net. Magnetic actuation can generate oscillatory and pulsatile
flows. Artificial cilia respond instantaneously to the external mag-
netic actuation and can achieve flow rates up to 250 L s7.
Shape memory alloys are smart materials capable of memorizing
geometries,['81182] and they can respond to stimuli such as heat,
light, solvents, electricity, magnetic fields, pH changes, etc.['8]
Magnetic shape memory alloys (MSMA) can change their geom-
etry depending on the intensity of the magnetic field and the
polarity. Saren et al.*!l used this phenomenon with Ni-Mn-Ga
alloy element in a micropump with a nozzle/diffuser structure
(Figure 5E). Rotating a permanent magnet by a DC motor gener-
ated a periodic magnetic field that could operate the MSMA ele-
ment. The generated flow was pulsatile, and an oscillatory flow
was achieved by alternatively changing the rotating direction of
the DC motor.

Similarly, an elastic membrane coupled with a permanent
magnet can dynamically deform under a periodically varying
magnetic field.3>184] Peristaltic motion can also be generated by
sequential deformation of elastic membranes within three cham-
bers (Figure 5F).['79185] The membrane was deformed at three lo-
cations by the movements of permanent magnets actuated by a
custom-made ring-type magnet. When the ring-type magnet was
rotated, the membrane in each chamber was systematically ex-
panded or retracted. Therefore, a periodic flow was induced, and
this device has further been used to perform oscillatory flow poly-
merase chain reaction (PCR).

3.1.6. Piezoelectric Actuation

Piezoelectric materials (e.g., lead zirconate titanate, lithium nio-
bate, lithium tantalate, and quartz) generate mechanical vibra-
tions using electricity and vice versa.l'8¢187] Piezoelectric ele-
ments are widely used to regulate microchamber volume for gen-
erating fluid flows.["88 A typical micropump shown in Figure 6A,
consists of a chamber with a diaphragm attached to a piezoelec-
tric element and a nozzle or diffuser structure on the two sides
of the chamber. By actuating the piezoelectric element, the di-
aphragm is deflected to squeeze the fluids inside. Periodic deflec-
tion produces a volumetric change in the chamber, generating
the alternating pressure difference to suck in and discharge the
fluid.[**] The nozzle/diffuser structures maintain a positive net
flow.!1%] Maximum flow rates up to 150 pL min! and 512 pL s°!
were reported using piezoelectric transducers.[*191 In these mi-
cropumps, the backward flow is inevitably present, resulting in a
pulsatile fluid flow.

A piezoelectrically actuated glass membrane performed on-
chip pumping with a resolution of 1.4 nL.2%l An oscillatory flow
was generated using two similar on-chip pumps oriented in op-
posite directions. In addition, microvalves were used to regulate
flows in microfluidic devices.[22%U In the work of Dong et al.,
a check valve was opened in the suction stroke and closed in the
compression stroke, allowing the fluid to flow unidirectionally
toward the outlet.[?!] This ultimately generated a pulsatile flow,

resulting in a maximum pumping flow rate of 33.91 mL s~
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More recently, ferroelectric nanocomposites have been used to
optimize the performance of flexible membranes.[?°2] The sup-
plying voltage significantly decreased from 1000 to 160 V, and a
broad flow rate from 0.78 to 8.1 mL s~! was achieved.

3.1.7. Acoustic Actuation

Acoustic waves can manipulate fluid flow and particles, and
the combination of acoustics and microfluidics is called
acoustofluidics.[23-205] In general, acoustic waves are divided into
surface acoustic waves (SAWs) and bulk acoustic waves (BAWSs).
In SAWs, the vibration only propagates on the surface, but in
BAWs, the entire body vibrates.l?] SAWs are produced by in-
tegrating interdigitated transducers (IDT5), and localized fluid-
substrate interactions induce acoustic streaming (Figure 6B). An
acoustofluidic pump was developed using a C-shaped IDT within
a triangle-edged microchannel.l'3] The generated local stream-
ing could produce a stable unidirectional flow at a rate of approx-
imately nanoliters per second, with precise digital control and a
response time of &1 s.

Sharp-edge-structures-based devices and acoustic bubbles-
based devices can also generate periodic flows using BAWs.[207]
Sharp-edge-structures-based devices consist of sharp microscale
structures on channel walls (Figure 6C).2®) When these mi-
crostructures are oscillated, acoustic streaming is induced, gen-
erating a periodic flow in the microchannel. Pumping and mix-
ing using sharp-edge structures with different shapes and orien-
tations was reported.'Y Bachman et al.['* generated acoustic
waves using a cell phone and a portable speaker. This setup elimi-
nated conventional bulky equipment such as function generators
and signal amplifiers. This setup also offered a complete portable
testing platform with a maximum flow rate of 99.83 nLs~!, which
is comparatively higher than a conventional setup.

Similarly, acoustic oscillations of bubbles produce acoustic
streaming due to the non-linear effect caused by inertial and vis-
cous forces.’”] Gao et al.l'%] reported a microstructure arrange-
ment with small and large microbubbles in opposite directions to
achieve bi-directional flow control (Figure 6D). The resonant fre-
quencies of the small and large bubbles were 24 Hz and 19 Hz,
respectively. Therefore, the flow direction changes instantly when
the supplied frequency is changed between the two operating fre-
quencies. The maximum flow rate achieved was 26.66 nL s~!.
Bubble-based acoustofluidic devices are simple to fabricate and
operate. However, the performance is affected by bubble instabil-
ity, temperature dependence, and inconvenience of the bubble-
trapping process.[3¢!

Harmonic mechanical movements of connecting tubings can
generate periodic flows. Acoustic signals can be converted to
mechanical motion. In a study, sound waves generated with
a commercially available speaker were used to produce axial
pulses in the inlet tube of the microfluidic setup (Figure 6E).[1%]
Transferring this axial vibration into the fluid flow generates
dynamic flow patterns. Therefore, simply supplying harmonic
sound waves to the speaker using a smartphone induces periodic
flows. This highly controllable technique can be implemented
without changing the device geometry. Besides, Vishwanathan
et al.®' investigated the inertial focusing and microscale mix-
ing in oscillatory flows, which were generated by connecting a
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loudspeaker diaphragm directly to the inlet tubing of the mi-
crofluidic device.

3.1.8. Mechanical Actuation

The mechanical motion of motors has been used to manipulate
flows in microfluidic devices.[?%®] Truesdell et al.[*®] used a pair of
linear actuators controlled by two bipolar stepper motors to com-
press PDMS membranes (Figure 6F). The flexible membranes on
the top of the fluid reservoirs at both ends of a straight microchan-
nel were alternatively compressed. Compression and retraction
of the reservoir walls using the 3D-printed actuators generated
an oscillatory flow. However, the stepper motors significantly in-
creased the size of the device. Another method to create pulsatile
flows is to use a fish-like micropaddle structure vibrated by a mi-
cromotor (Figure 6G).I"7] This device obtained a maximum net
flow rate of 2.13 mL s7'. A lab-on-a-chip (LoC) was realized us-
ing multiple vibrating micropaddles to perform analysis, sens-
ing, and reacting functions. These micropaddles can be actuated
by piezoelectric, electrostatic, electromagnetic, or shape memory
alloy methods.

3.1.9. Other Concepts

Gravity-driven systems use the potential energy of the fluid
(i.e., hydrostatic pressure) for actuation.’®! The gravitational
force drives the fluid downstream, converting potential energy
to kinetic energy, (Figure 6H). Therefore, gravity-driven sys-
tems are a passive pumping method in microfluidics. These
methods are low-cost and do not encounter air trapping due to
buoyancy.[?1] However, gravity-driven systems require the reser-
voir to be placed at a considerable height to achieve higher
flow rates. Placing a microfluidic device on a tilting plane (or
a rocker platform) can generate periodic flows.2!!l When two
reservoirs at the inlet and outlet of a microdevice are alterna-
tively tilted to change their relative height, the height difference
creates a fluctuating pressure difference due to the gravitational
force.[198'21]]

Light-sensitive materials have been used as actuators to ma-
nipulate flows in microfluidics. Li et al.'® developed a de-
vice 300 um in size using perovskite and poly[(2-methoxy-5-
ethylhexyloxy)—1,4-phenylenevinylene] (MEHPPV) and demon-
strated successful directional control enabling the generation
of periodic flows (Figure 6I). Illuminating the device with a
2 mm light spot resulted in four pumping stages: outward
pumping, no pumping, heartbeat-like pumping, and inward
pumping at 0.08, 0.45, 1, and 1.2 W cm~? light intensities, re-
spectively. The photo-degradation process of perovskite mate-
rial increases the solution density near the pancake-like struc-
ture and drives the fluid outward at very low light irradiation,
which is defined as the solute buoyancy mechanism.?12] At
very high illumination, inward pumping is observed. This is
because perovskite and MEHPPV absorb light and convert it
to thermal energy, causing thermal buoyancy.?'3] At medium
light intensity, the micropump stops due to the balance of these
two phenomena. Therefore, cyclic flow patterns were gener-
ated by modulating light intensities from low (0.08, 0.14, and
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0.45 W cm™?) to high (1.1 and 1.2 W cm™2). Specifically, a
heartbeat-like pumping was generated at an intensity ranging
from 0.65 to 1.05 W cm~2 with frequency from 0.3 to 1.3 Hz,
respectively.

Another interesting technique is utilizing a continuous stream
of droplets and a perpendicular channel, in which a fluid-
fluid interface is connected to a fluid column (Figure 6]).'%]
A stream of droplets can be generated using cross-flow, flow-
focusing, or co-flow channel geometries.['*] The pressure dif-
ference at the T-junction causes the fluid-fluid interface to
oscillate at the perpendicular channel. The droplet length
and width, viscosities of continuous and dispersed phases,
droplet velocity, and the interfacial tension affect the pressure
drop.

3.2. Fluidic Resistance and Fluidic Transistor

Fluidic resistance exists when a fluid flows through a microchan-
nel. The magnitude of fluidic resistance depends on the ge-
ometry parameters of the microchannels and the fluid viscos-
ity. Equations (5-7) indicate that the fluid flow rate can be con-
trolled by adjusting the fluidic resistance, which can be easily
achieved by deforming the microchannels using an external force
(Figure 7A). Therefore, a periodic flow can be induced by har-
monically varying the fluidic resistance in a microchannel. The
fluid flow controlled by external forces is similar to electronic
transistors.

In electronics, transistors are significant due to their ability
to transfer an electric charge upon reaching a threshold volt-
age, which leads to decision-making. This provides the founda-
tion for logical data processing in electronic circuits.[*?) When
the fluid flow in a microchannel is controlled by deflecting a
flexible structure using the fluid pressure from the nearby mi-
crochannels or microchambers, the device works as a fluidic
transistor to open or close the flow as well as to control the
flow rate.[217:28] [n digital signal processing, oscillator and digital
logic capabilities are significant; however, amplification, regula-
tion, and level-shifting functions are required in analogue signal
processing.[?19-221] The ability to perform these functions using
fluidic transistors opens new research fields in on-chip fluidic
signal processing.[4280-222.223]

Fluidic oscillators are an excellent example of the application
of fluidic transistors in digital flow control.l*] These oscillators
use internal fluid dynamics to provide autonomous flow switch-
ing. Fluidic oscillators can convert a constant fluid flow to a peri-
odic flow without additional actuation elements or dynamic con-
trollers. Elastomeric membranes integrated into microchambers
are commonly used to regulate flows in these oscillators. The
configuration of the microchannel network and the geometry of
microchambers are critical for the pulsatile flow function of flu-
idic transistors. A fluidic oscillator depicted in Figure 7B, has a
pair of 4-terminal switch valves to create the oscillation and two
check valves to stop the backflow.*?! Each switch valve has two
terminals as the inlet and outlet for the green fluid and simi-
larly, two terminals for the red fluid. Two fluids drive in sep-
arate microchannels in two layers, with a membrane separat-
ing the layers. The pressure difference in these two microchan-
nels deforms the membrane inward or outward. This provides
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the functionality of a switch valve, allowing only one type of
fluid to pass through at a given instance. The green fluid passes
through when ‘valve 1’ is open until pressure from the red fluid
on the membrane increases and deforms toward the green fluid
channel, closing the path for the green fluid. Then, the red fluid
begins flowing through ‘valve 2'. “Valve 2’ is open until the pres-
sure from the green fluid increases and reaches the threshold
pressure. Upon reaching the threshold pressure, the membrane
of ‘valve 2’ deforms toward the red fluid channel, blocking the red
fluid flow. In this instance, the green fluid starts to flow toward
the outlet through ‘valve 1. Likewise, the outlet flow switches au-
tonomously due to alternative opening and closing actions of the
fluidic transistors. The switching frequency depends on the in-
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let pressure and the geometrical parameters of the microchan-
nels, microchambers, and membranes. The main drawback is
the lower controllability of the duty cycle, which is the time that
each fluid is drawn to the outlet channel.

Kim et al. developed a fluidic oscillator consisting of 3-terminal
switch valves.[22!] Its function in various duty cycles was suit-
able for cell signaling studies. Unlike in 4-terminal valves, the
working fluid of one valve does not pass through the other valve
to generate fluid oscillations. Kim et al.*?) developed a self-
switching pulsatile flow circuit using an array of fluidic transis-
tors, (Figure 7C). When the source pressure of ‘valve 2’ is greater
than the gate pressure, the red fluid flows through the drain to the
outlet while maintaining the gate pressure of ‘valve 1'. However,
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the pressure at the inlet of ‘valve 1’ increases due to the con-
stant flow from the syringe pump. When the inlet pressure ex-
ceeds the gate pressure, ‘valve 1’ switches on, and the green fluid
flows toward and exits the outlet while maintaining the gate pres-
sure of ‘valve 2’. Hence, a pulsatile flow is autonomously gener-
ated by providing a continuous flow at the inlets. The constant
water-head pressure, exerted by a column of liquid due to gravity,
provided the continuous flow.[*! The same gravity-driven source
was used for the sub-circuits, but the oscillation frequencies were
independent. In addition, the fluidic resistance constrained the
flow switching period (0.1 s — 5.9 h) and the flow rate (2 uL min~!
-2 mL min™') of a similar fluidic oscillator.?”*! Furthermore, the
same group developed a stepwise waveform generator by seri-
ally connecting a fluidic oscillator and a diode pump.??>! The
diode pump consisted of two fluidic transistors and two check
valves as diodes to maintain a unidirectional flow. The gravity-
driven constant pressure was converted to pulsatile pressures in
the stepwise waveform generator using the oscillator. The diode
pump utilized the pulsatile pressure to generate stepwise pres-
sures. This device could obtain the step size from 215 to 431 Pa
and the duration of the pressure step from 26 to 181 s indepen-
dently.

Besides the microvalves and transistors actuated by hy-
draulic forces, active microvalves actuated by pneumatic pres-
sure and magnetic forces can also generate periodic flows in the
microenvironment.!?26227] Aeroelasticity is the deflection of the
flexible membrane due to airflow.?!®] When the pressure of the
external airflow exceeds the pressure inside the microchannel,
the flexible membrane deflects upwards (Figure 7D). This pro-
cess generates a spontaneous pressure drop in the microchan-
nel and demonstrates the ‘ON’ status of a transistor. Then, the
air pressure in the pneumatic actuation channel will drop be-
cause air is released from the gap between the membrane and
the nozzle. As a result, the fluidic pressure inside the microchan-
nel pushes the diaphragm toward the nozzle and closes the air-
releasing gap, corresponding to the “OFF” condition of the fluidic
transistor. Similarly, electromagnetic force deflects flexible mem-
branes responsive to magnetic field variations, which can be gen-
erated by an electromagnet. Following on this mechanism, Zhao
et al.[?8] developed an on-chip multi-pattern periodic flow gener-
ator by introducing an alternating pressure into a constant pres-
sure using electromagnetic actuation. Their periodic flow gener-
ator has demonstrated high controllability and has a small foot-
print.

Intrinsically active hydrogels have been used for chemo-fluidic
transistors that respond to input chemical signals such as con-
centrations of organic solvents, ions, pH value, and the pres-
ence of biomolecules.?223% This phase transition of hydrogels
in relation to varying alcohol concentrations was employed to
develop a microfluidic oscillator.[?*! The bidirectional coupling
of fluid flow and chemical process added additional control-
lability. A chemo-fluidic transistor with an elastic membrane
actuated using hydrogel was developed (Figure 7E).*?l When
the activated hydrogel component expands, it restricts the fluid
flow by deflecting the membrane toward the microchannel.
Conversely, when the hydrogel contracts, the membrane re-
tracts, and the microchannel cross section expands so that the
reduced fluidic resistance can enable the fluid to flow freely
inside.
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3.3. Fluidic Capacitance

A capacitive element can store potential energy by altering its
shape or size. The capacitive element can deform under ap-
plied pressure, storing a specific amount of fluid and convert-
ing the kinetic energy of the fluid into capacitive potential energy
(Figure 8A). The stored potential energy can be released to expel
the stored fluid.[®"»32] Repetition of such cycles results in peri-
odic flows. In a microfluidic system, the fluidic capacitance can
be external or internal. External capacitance comes from the flex-
ibility of tubes or components related to external peripherals not
integrated into the microfluidic chip.l°?33] Internal capacitive el-
ements include elastomeric membranes and trapped air bubbles
in microchannels.[222:234.235]

Hydroelasticity, the interaction between flexible structure and
fluid flow, is commonly used to produce fluidic capacitance-based
periodic flows.[2¢] A flexible structure introduces nonlinearity
to the fluid flow, and the pulsating frequency depends on the
elasticity and the geometrical parameters of the membrane. Wu
et al.¥l developed a simple oscillatory flow generator consisting
of a microchamber, membrane, and microchannel but no out-
let (Figure 8B). A constant pressure source was connected to the
inlet through a solenoid valve. When the valve is switched on,
the fluid flows from the inlet toward the membrane. The mem-
brane deflects, and the elastic force is increased. When the valve
is switched off, the elastic force pushes the flow backwards, gen-
erating an oscillatory flow in the microchamber. In another study,
an elastic diaphragm was placed inside a stepped circular cavity
with circumferentially distributed three grooves (Figure 8C).[*/]
The device was fabricated using a PMMA-based layer-by-layer
method, and the diaphragm was made of silicone rubber. This di-
aphragm separates the microchamber in the second PMMA layer
(from the bottom) into two: the main chamber on the inlet side
of the membrane and the secondary chamber on the outlet side.
Initially, the elastic diaphragm is flat. When the fluid is supplied
to the inlet with a constant pressure, it flows to the main chamber
and deflects the diaphragm toward the secondary chamber. The
fluid flows over the edge of the diaphragm. Then, fluid drains into
the secondary chamber and the grooves ensure an uninterrupted
fluid flow. The deflection of the diaphragm changes the hydro-
dynamic drag and lift forces. In addition, the elastic forces tend
to restore the diaphragm to its original shape. All these forces
are at an equilibrium at low pressures, resulting in a steady flow.
When the supply pressure increases, the membrane deflects fur-
ther downstream. Once the inlet pressure exceeds a threshold,
the inertial force deflects the elastic membrane further over the
equilibrium point, causing it to overshoot the balancing point.
Then, the lift and elastic forces push it back. The incoming flow
deflects the diaphragm again toward the secondary channel, lead-
ing to another inertial overshoot. This cycle repeats, producing
periodic movement of the diaphragm, along with the storage and
release of elastic energy. Hence, a pulsatile flow is generated at
the outlet.

Meanwhile, the compressibility of air bubbles was used to pro-
duce periodic flows in microfluidic devices.[?*”] Figure 8D shows
an air bubble-based oscillatory platform developed using a peri-
odic pneumatic pressure source at the inlet and a sealed glass
capillary fixed at the outlet of the microfluidic device.[*’] When
the pressure source pushes the fluid through the pipette tip into
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Figure 8. A) Fluidic capacitance-based periodic flow generation. B) Elastic energy stored by the membrane at the pumping stage generates reverse flow
when the pressure supply is switched “OFF”. Reproduced with permission.[*3] Copyright 2019, John Wiley and Sons. C) Oscillatory deflection of an
elastic diaphragm by a constant pressure produced periodic flows through grooves. Reproduced with permission.[4] Copyright 2012, The Royal Society
of Chemistry. D) A trapped air bubble compresses when pressure is supplied and expands upon removing the pressure, generating a backward flow.
Reproduced with permission.[*] Copyright 2018, The American Institute of Physics.

the device, the air bubble trapped in the capillary is rapidly com-
pressed. When the pressure at the inlet balances that in the air
bubble, the liquid is at an equilibrium. If the pressure supply at
the inlet is switched off, the compressed air bubble pushes the lig-
uid backwards. Hence, the air bubble acts similarly to the charg-
ing and discharging process of a capacitor in electronic circuits
and produces a periodic flow.

4. Applications

Periodic flows in microfluidics have a wide range of applications
that enhance the functionality and efficiency of microfluidic sys-
tems. For example, these flows improve fluid mixing by creating
oscillatory patterns, promoting thorough mixing.[238-241] Besides,
periodic flows offer precise control over droplet size and forma-
tion, independent of Rayleigh—Plateau instabilities for droplet
generation.[**242] They can also enhance heat transfer for cooling
microelectronic devices.?*>245] Moreover, periodic flows repli-
cate natural pulsatile conditions, improving cell culture and bio-
logical studies.[?*6-248] This section elaborates on the applications
of periodic flow in microfluidics, including fluid mixing, heat
transfer, droplet/bubble generation, particle manipulation, fil-
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tration enhancement, biomimicry, fluid rheology measurement,
and microstructure fabrication.

4.1. Fluid mixing

In microfluidics, the Reynolds number (Re) is typically very
low, resulting in laminar flow and challenging mass trans-
fer and mixing.**! Periodic excitations applied to the fluid
flow can significantly enhance mixing with minimal impact
on device geometry and setup, allowing for adjustable mix-
ing conditions.[*0112250251] Mixing methods can be active, us-
ing external energy, or passive, employing baffles, mixing struc-
tures, or curved geometries.””! An oscillatory baffled reactor
(OBR) combined active mixing through periodic flow with pas-
sive mixing via baffles.'?] Increasing the oscillation frequency
boosted mixing intensity and vortex propagation. For exam-
ple, in desulphurizing dibenzothiophene (DBT) in diesel, sul-
fur removal improved from 9% to 35% as the oscillation fre-
quency increased from 0 to 4 Hz. Similarly, in desulphurizing
sour, heavy naphtha, increasing the oscillatory Reynolds num-
ber (Re,) from 175 to 315 raised the conversion rate from 79.3%
t0 93.7%.1252]
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Figure 9. Applications of periodic flows in microfluidics. A) Micro-mixing in a V-shaped microchannel using pulsed discontinuous flow. Repro-
duced with permission.[2>4] Copyright 2024, Elsevier. B) Oscillatory flow-based immunostaining in an immunoassay to detect ZIKV. Reproduced with
permission.32] Copyright 2019, Elsevier. C) Cooling electronic devices using elastic turbulence of viscoelastic fluid in serpentine channels. Reproduced
with permission.[2°] Copyright 2020, Springer Nature. D) Synchronized generation of single-core and two-core double emulsions. Reproduced with
permission.[2°6] Copyright 2019, Elsevier. E) Transporting sticky particles by coupling oscillatory flow with artificial cilia. Reproduced with permission.[257]
Copyright 2014, The Royal Society of Chemistry. F) Oscillatory viscoelastic focusing and separation of micro and submicro species. Reproduced with
permission.[2°] Copyright 2020, The American Chemical Society. G) Oscillatory flow reduces clogging in microfiltration. Reproduced with permission.[258]

Copyright 2012, The Royal Society of Chemistry.

Introducing induced vibration to an elastic structure improves
controllability and enhances mixing. Loe and colleagues!2%2>]
used a feedback-type fluidic oscillator and vortex shedding with
a cylindrical structure to numerically study optimal flow reg-
ulation. The team applied phase reduction theory to evaluate
device geometric parameters via the phase-sensitivity function,
concluding that this method optimizes the perturbation sig-
nal and enhances mixing. Curved channels form Dean vortices
that enhance radial mixing. Combining periodic flow with a
curved microchannel reduced the axial dispersion number ten-
fold, improving transverse mixing.?! Wang et al.[?**] achieved
a high mixing index (x95% at the outlet) by introducing dis-
continuous flow to a V-shaped microchannel in a microflu-
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idic device, with square-shaped obstacles inside the microchan-
nel (Figure 9A), improving the mixing efficiency from 89% to
95%. Smaller volumes of discontinuous flow and higher inlet
velocities improved mixing. Smaller volumes need less colli-
sion, rotation, and diffusion to complete mixing. However, a very
low volume created a droplet at the corner of the microchan-
nel and may stop its movement along the microchannel. Fur-
thermore, curves and obstacles in the channel caused stronger
self-diffusion effects at higher velocities, reducing mixing
time.

Periodic oscillations effectively mix and bind streptavidin-
conjugated particles with fluorescence-labelled biotin samples
in an immunoassay for detecting the Zika virus (ZIKV), which
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requires only 10 ul of the sample and takes just 10 min to com-
plete (Figure 9B).1*?) Quantitative analysis shows that oscillatory
flow-based immunostaining is more efficient than conventional
static and continuous flow staining.[*’! In the study, static stain-
ing took 15 min with 2 ul of reagent, while continuous flow stain-
ing required 12 min and 4 ul. In contrast, oscillatory-based im-
munostaining needed only ~5 min and 2 pl of reagent to achieve
the same results. Besides, oscillatory flow coupled with swirling
enhances the mixing of solvent and antisolvent, which initiates
recrystallisation in core-shell droplet formation.[> Oscillatory
flows can reduce channel blockage, provide safe mixing, and im-
prove the efficiency of molecular diffusion by shortening the de-
lay time.

4.2. Heat Transfer

Excessive heat in microelectronics, photovoltaic cells, infrared
detectors, and laser diodes requires temperature regulation
(Figure 9C).[2°] Heat pipe technology is widely used in mi-
croscale cooling devices.[?6%26!] This technology utilizes cooling
agents in interconnected serpentine microchannel networks to
transfer heat. The thermophysical properties of the working fluid
directly influence its motion. Heat transfer at the microscale
can be enhanced using elastic turbulence by adding small con-
centrations of high-molecular-weight polymer to a Newtonian
solvent.[262263] This addition induces non-linear effects and elas-
tic instabilities at low Reynolds numbers in serpentine mi-
crochannels, significantly enhancing convective heat transfer
by up to 300%.1264] The use of shear-thinning and constant-
viscosity Boger solutions further improves convective heat trans-
fer in serpentine microchannels, with enhancements reaching
380% compared to similar Newtonian fluids.[**"] Recently, flex-
ible polymer-based micro heat pipe devices have emerged. In
oscillating or pulsating heat pipe networks, temperature dif-
ferences and phase changes facilitate heat transfer from the
evaporator to the condenser elements without external driving
forces.[2%%]

4.3. Droplet/Bubble Generation

Droplet formation involves two immiscible liquids: the dis-
persed phase, which forms the droplets, is injected into the
continuous phase, which flows around and encapsulates the
droplets.!?%] These droplets play a significant role in cell encap-
sulation and manipulation,2¢7-28] single-cell analysis, 26927 par-
ticle synthesis,!?”!] emulsification,[?’?! etc. Various passive and ac-
tive techniques are used to generate droplets in microfluidics./?”3]
Passive techniques for droplet generation rely on the natural
development of Rayleigh—Plateau instabilities to initiate droplet
formation.[?*] The pulsatile condition offers additional control
over droplet formation by eliminating reliance on the growth
of Rayleigh—Plateau instabilities.*’] Pulsating the continuous-
phase flow in a T-junction droplet generator could govern the
droplet formation process.[?””] The single perturbation source
(elastic diaphragm) decouples droplet size, generation frequency,
and fluid properties. At nearly fixed operating pressure and fre-
quency, the droplet volume increased linearly with flow rate over
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a broad viscosity range (1 — 60 cP), allowing easy tuning. This
method enabled the synchronous production of droplets with
largely different volumes and viscosity, facilitating precise one-
to-one droplet coalescence.

Using pulsatile airflow to actively control droplet ejection sig-
nificantly enhances the tunability of droplet parameters.[?7¢] Pul-
satile perturbation enhanced the control of droplet size, ejection
frequency, and velocity. In the synchronous regime, the droplet
generation frequency corresponded entirely to the external pul-
sation frequency. This method produced highly monodispersed
droplets and was effective for fluids with viscosities up to 100 cP.
The method also expanded the regulation range of droplet sizes
from 10 to 60 nL, enabling precise and high-frequency droplet
ejection. Besides, the droplet generation frequency can be di-
rectly synchronized with the frequency of a piezoelectric actua-
tor, while droplet spacing is controlled by the continuous-phase
flow rate (Figure 9D).[¢) Within the resonance range, the de-
vice performed on-demand droplet generation at high frequen-
cies up to 3.3 kHz. Double-emulsion droplets were produced
with tunable volumes for the core droplet and middle-phase
fluid.

Compared to the droplet generation in oil-in-water or water-in-
oil systems, aqueous two-phase systems (ATPSs) exhibit over 500
times lower interfacial tension, making it more challenging.!?”’!
Ziemecka et al.?’?] integrated a piezo-electric bending disc into
the microfluidic device and studied the influence of amplitude
and frequency on water-in-water droplet generation. Mechanical
perturbations were introduced to the dispersed phase, allowing
flow rate-independent droplet size modulation. Different droplet
behaviors were observed by varying the frequency from 2 to 50 Hz
and the amplitude from 3 to 25 V. Higher frequencies above
20 Hz resulted in the formation of monodispersed droplets, while
lower frequencies produced polydispersed droplets. The most
effective regime was between 20 to 50 Hz, where reproducible
monodisperse droplets with diameters below 60 um were consis-
tently formed. The variation in amplitude had a very slight effect
compared to the significant impact of frequency changes. Sim-
ilarly, Sauret et al.?”! used a mechanical vibrator to pulse the
flexible tube that transported the dispersed phase and formed
water-in-water droplets. This ATPS generated droplets and dou-
ble emulsions in the glass microcapillary devices. Monodisperse
droplets were induced for voltage above 3 V and at the frequency
range from 5 to 9 Hz. In the case of double emulsion genera-
tion, a modified glass microcapillary device was used to introduce
the inner, middle, and outer fluids. The size of droplets and the
number of inner droplets were precisely tunable by regulating the
vibration frequency, amplitude, and flow rates. Furthermore, os-
cillatory flows are used to actively regulate gas-liquid Taylor flow
(or Taylor bubbles) in microfluidics. Zhang et al.[?] applied a
solenoid valve with a 0.05 s response time to provide pulsations
to the gas feed in rectangular waves with 0 — 20 Hz frequencies.
Bubble formation (bubble length and velocity) at the T-junction
showed reliance on surface tension, shear stress, and dynamic
pressure, which were significantly affected by gas feed pulsa-
tions. Furthermore, Wang et al.[?®!] proposed a rotating switch
valve-based perturbation to the gas feed to generate pulsations
at kilohertz frequencies. Both the Taylor bubble formation and
liquid-in-gas droplet generation are governed by the pulsations
to the gas feed.
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4.4. Particle Manipulation

Precise manipulation, such as focusing, separation, and fraction-
ation of bio-particles, is an indispensable capability of microflu-
idics, with applications in clinical diagnosis, cell sorting and anal-
ysis, drug discovery, etc.?82-2%] Particle manipulation techniques
can benefit from periodic flows in microfluidics.[*28¢287] Tripathi
et al.[%7] studied the coupling of oscillatory flow with artificial
cilia to transport sticky particles in microchannels (Figure 9E).
This method expelled particles from the ciliated surface up to
a critical adhesion strength, resulting in faster movement than
non-oscillatory flow. The non-actuated artificial cilia follow the
motion of the fluid at ~12 Hz frequency, reducing the require-
ment for bulky and sophisticated equipment. The smaller parti-
cles such as fungi, bacteria, viruses, and other pathogens or blood
components such as platelets and exosomes require drastically
longer microchannels for inertial focusing.['*®! Oscillatory flows
were applied in inertial microfluidics to enable virtually “infinite”
channel length to focus 500-nm particles and a submicron bac-
terium (~0.8 um).[2°! Asghari et al.l®*! developed sheathless os-
cillatory viscoelastic microfluidics as an effective method for fo-
cusing and separating micrometer and sub-micrometer species,
demonstrated by isolating p-bodies from biofluids, focusing A-
DNA, and focusing extracellular vesicles (Figure 9F). In this
study, the larger particles (10 um) focused near channel walls,
while the smaller particles (5 pm) particles focused near the cen-
terline, and the smallest particles (1 pm) aligned at the centerline
atan oscillation frequency of 2 Hz. Besides, oscillatory flows were
integrated with insulator-based dielectrophoresis®’! and negative
magnetophoresis!'®! to focus particles and cells.

4.5. Filtration Enhancement

Microfiltration uses porous membranes or microstructures to
separate particles and cells.[?88-292] Tn 1993, Howell et al.?*] re-
ported the significance of using oscillatory flows in harvesting
Yeast cells. They investigated three filtration systems to filter
Yeast cells using oscillatory flows with frequencies ranging from
0 to 25 Hz. In another study,®® the effects of oscillating the
porous membrane and working fluid were investigated at a range
between 10 to 50 Hz. Oscillations significantly improved the
flux over conventional filtration between 125% to 320%, leading
to reduced membrane fouling and concentration polarization.
Wang et al. utilized an oscillator to generate pulsatile flow with
varying frequencies and pressures, inducing high shear rates,
surface souring, and back-flushing effects.[?*! This setup effec-
tively eliminates concentration polarization and micropore clog-
ging while hindering the formation of the fouling layer, result-
ing in minimized membrane fouling and a 30% reduction in
microfiltration process time. Despite the dynamic filtration, con-
stant supply pressure avoids the complex rotational or vibrational
mechanisms. Compared to static filtration, permeate flux signif-
icantly improved. Pulsatile filtration was used to filter extracellu-
lar vesicles directly from human whole blood samples for early
cancer diagnosis.!?*®! Two porous membranes with porous sizes
of 600 nm and 20 nm filtered cells and extracellular vesicles, re-
spectively. Aeroelastic deformation of a flexible membrane gener-
ated the forward and reverse flow, while the check valve ensured a
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net forward flow. The reverse flow levitated the bioparticles away
from the membrane, reducing filter fouling and particle aggre-
gations.

Carefully designed microstructures, such as funnels and traps,
allow particles smaller than a specific threshold to pass while re-
taining larger particles. McFaul et al.?%®] developed a device con-
sisting of several layers of linear funnel arrays, as depicted in
Figure 9G, to separate cells in whole blood based on size and de-
formability. These experiments utilized oscillatory flow to min-
imize clogging — the undesired deposition of particles on mi-
crochannel walls. Periodic flows cause particles to change di-
rection over time, reducing the likelihood of clogging compared
to continuous-flow devices. Dincau et al.”3! found that pulsatile
flows ranging from 0.001 Hz to 0.1 Hz significantly reduced
clogging, with complete mitigation at 0.1 Hz, demonstrating
the effectiveness of periodic flows in minimizing clogging. Ad-
ditionally, liquid-liquid extraction, a separation technique used
in various industries, benefits from oscillatory flows.[?3”] Lestari
et al. utilized switchable hydrophobicity to separate dimethyl cy-
clohexylamine in a hexadecane-toluene mixture.[?”] The team
found that higher oscillatory flow velocities improved the extrac-
tion rate and reduced extraction time.

4.6. Biomimicry

In microfluidics, biomimicry involves imitating biological func-
tions to replicate dynamic flows in systems such as the blood
circulatory system, digestive tract, and urethral transport.[*>"]
Organ-on-a-chip (OoC) devices that replicate human organ func-
tions offer insights into physiological behaviors, treatment proce-
dures, disease diagnosis, and drug discovery.*®! Producing the
hemodynamic waveform shown in Figure 104, is often studied
due to its broad applications.!>%%°]

Microfluidic devices were designed to mimic tissue develop-
ment in microenvironments.?] For example, growing human
umbilical vein endothelial cells and embryonic stem cells re-
quires heartbeat-like pulsations in fluid flow, which was gen-
erated using a cardiac pump, to study cell responses to fluid
dynamics.’®) Ex vivo heart perfusion (EVHP) devices, essen-
tial for heart transplants, need precise pulsatile flow regula-
tion to maintain donor heart viability (Figure 10B).3%! The
aorta’s role in flow regulation is mirrored in EVHP settings
using elastomeric tubes.[?*] These devices should ideally self-
regulate pulsatile flows, similar to physiological conditions. Jen
et al.[393%71 demonstrated passive self-regulation using knitted
reinforced materials around elastomeric tubes. Heartbeat-like
pressure stimuli are also crucial for developing liver organoids
for diagnostics, drug discovery, and regenerative medicine.[**]

Naturally, the fluid flow in the lymphatic system is
pulsatile.3%3%1 Selahi et al.31% developed a lymphangion-chip
to support co-culture and bidirectional signaling of lymphatic
endothelial cells (LECs) and muscle cells (LMCs). This was
achieved by wrapping multiple uniform LMC layers around
a single LEC layer, forming a lumen (space inside a tubular
membrane structure). Then, a pulsatile fluid flow was pro-
vided to imitate the physiological lymphatic vascular functions
mediated by intracellular calcium [Ca**]; (Figure 10C).131]
The lymphangion-chip demonstrated the significance of cyclic
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mechanical forces in regulating intracellular calcium. This can
be used as an analytical biomarker of mechanotransduction
within LECs and LMCs that are useful for pathology. In addition,
Wang et al.l'®] used periodic flows to enhance intercellular
calcium transfer in osteogenesis, finding that low-frequency
oscillatory flow significantly improves calcium responses in
bone cells compared to unidirectional flows, thus promoting
bone tissue formation.

4.7. Fluid Rheology Measurement

Flow behavior and deformation characteristics of fluids under
applied external forces refer to “rheology”.3!!l Measuring rhe-
ological properties such as yield stress,31] relaxation time,>!3]
elasticity,*'*] dynamic permeability,*'] and viscoelasticity,31°! is
essential in assessing complex fluids,>'7*18] designing machines
and devices,®"! and process optimization,.32] Conventionally,
properties under shear and extensional stresses are measured us-
ing shear and extensional rheometers, respectively. These bulky
rheology instruments suffer from limited frequency range and
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probed moduli, heterogeneity, and cost.?*!] Moreover, they are
not suitable for biological samples because of the need for a
large amount of samples and the edge effects.[*??] Furthermore,
these instruments are limited in assessing the “longest relax-
ation time”, which is a critical parameter in coating, drag reduc-
tion, droplet formation, and mixing applications.3?*] Microflu-
idic rtheometry has emerged to mitigate the limitations of con-
ventional techniques.[3243%]

Oscillatory flow rheometry is particularly interesting due to the
small sample volume required.??®! The intra-cycle microstruc-
tural changes in colloidal gels were studied using an oscilla-
tory flow-based rheometry.3?’! Oscillatory shearing in complex
fluids was studied using Brownian dynamics simulations and
the sequence of physical processes (SPP) technique to quan-
tify the correlations. The rigidity concept linked microstruc-
tural changes to rheological behavior. In the study, the colloidal
gels exhibited complex nonlinear stress responses under large-
amplitude oscillatory shearing. Vazques-Vergara et al.l''3] inves-
tigated the rheological properties of viscoelastic fluids using os-
cillatory flow rheometry (Figure 10D). A piezoelectrically actu-
ated elastic membrane pumped air to the inlet, and a short liquid
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length was placed in the microchannel as the working fluid. Res-
onance in dynamic permeability at the air-liquid interface was
studied for three polyethylene oxide polymer solutions as model
viscoelastic fluids. The oscillatory flow operated between 0.5 Hz
to 200 Hz frequencies at pressure drop amplitudes from 225 to
900 Pa. Elastic turbulence, a chaotic fluid motion observed in
non-Newtonian fluids such as blood,?2#3%] can result in complex
fluid dynamics.[*® The influence of elastic turbulence on the
rheological measurement of the pulsatile blood flow is vital for
understanding complicated hydrodynamics and fluid-structure
interactions in an aneurysm.33!l

4.8. Microstructure Fabrication

Innovative microfabrication techniques have significantly driven
recent advancements in microfluidics. The time-dependent na-
ture of periodic flows features unique advantages in microfab-
rication and producing materials with microstructures. Local-
ized electrochemical deposition micro additive manufacturing
(LECD-pAM) combines localized electrochemical deposition and
closed-loop control of atomic force servo technology.***) Apply-
ing a pulsatile pressure to drive the electrolyte solution in LECD-
MAM allowed layer-by-layer deposition and enhanced the spread-
ing and sedimentation rates.3**] This method was successful in
fabricating microstructures such as lattice monomers, pillar ar-
rays, thin walls, high-aspect-ratio (=~500) wires, helical springs,
and hollow tubes.3*!

Injecting fluid into a second co-flowing immiscible fluid cre-
ates a jet that either remains stable or breaks into droplets.
A corrugated jet was observed in a two-phase flow at signifi-
cantly low interfacial tension.[?”’! A pulsation of the inner stream
formed complicated patterns and corrugations. Yang et al.3%2]
manufactured hollow microtubes using a co-flow microfluidic
spinning system coupled with a programmable piezoelectric vi-
brator (Figure 10E). This system consisted of inner and outer
streams, where the photocurable outer layer was exposed to a
UV light beam, forming the microtube structure. These mi-
crotubes featured round outer walls and unique anisotropic in-
ner walls with periodic micro-corrugations. The overlapped trun-
cated cone-shaped cavities along the axial direction were formed
due to the pulsed inner stream, and the pitch and thickness of
the cavities were adjustable by the electrical frequency and volt-
age. The inner diameter of the tube was regulated by the flow
rates of the inner and outer phases. These flexible microtubes
were applied for precise directional fluid transport.

Microfluidics can produce microfibers with specific shapes,
structures, and functionalities due to its precise control over
fluid flows. Yang’s group developed flexible hemline-shaped mi-
crofibers by infusing the photocurable solution as the inner
stream and water as the outer layer under a pulsatile flow.2%! The
fabricated hemline-shaped microfibers featured axially aligned
cavities with sharp edges and annularly connected wedge cor-
ners due to piezoelectric pulsations to the inner stream. Unidi-
rectional fluid transport was observed on the hydrophilic sub-
strate of a single microfiber. More interestingly, a pair of mi-
crofibers with the same or opposite corner orientations demon-
strated unidirectional fluid transport independent of the type of
liquid or surface wettability. A similar piezoelectric microfluidic
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platform enabled consecutive spinning of functional microfibers
with programmable spindle-knots.>*] These knot microfibers
remain stable even when tied, bent, or coiled. Their axial non-
uniformity enabled long-distance transport of water and unidi-
rectional/bidirectional droplet transport. Adjusting the piezoelec-
tric and microfluidic parameters allowed the generation of knot
fibers with customizable configurations, including uniform, gra-
dient, and symmetrical knots, on demand.

5. Discussion and Perspectives

The present paper explores the behavior, generation techniques,
and applications of periodic flows in microfluidics. First, we
explained the fundamental theory of periodic flows. Then, we
discussed the hydraulic-electric analogy and its usefulness. We
classified the techniques for generating periodic flows based
on pressure gradient, fluidic resistance, transistor, and capaci-
tance, and elaborated their working mechanisms. Finally, we re-
viewed the applications of periodic flows, such as fluid mixing,
droplet/bubble generation, biomimicry etc. Although consider-
able progress has been achieved, the field is still at its early stage.
Future research efforts are needed to exploit the full potential of
periodic flows in microfluidics by addressing current challenges
in mechanisms, fabrication, miniaturization, and integration.

Generating periodic flows across a wide frequency range is
a major challenge in microfluidic systems. The ideal method
should precisely control flow rate and direction across various fre-
quencies. Syringe pumps, pneumatic pressure controllers, elec-
tromechanical relay valves, and fluidic oscillators are typically
used for frequencies below 10 Hz.[313%113] Syringe pumps are the
most accessible devices, but they commonly have large response
times, limiting their ability to generate high-frequency dynamic
flow profiles. Conventional peristaltic pumps are easy to operate,
but produce undesired pulses that challenge the precise modula-
tion of flows. For frequencies between 10 Hz and 1000 Hz, high-
speed valves, piezoelectric elements, mechanical motors, air bub-
ble displacement, loudspeaker diaphragms, or automated droplet
trains are used.31113] Although devices that use piezoelectric el-
ements are widely studied, this method still has much space for
further refinement in terms of precision, efficiency, and adapt-
ability.

Integrating periodic flow generation with microfluidic systems
presents opportunities and challenges. Seamlessly incorporating
flow generation mechanisms within microfluidic devices can en-
hance their portability and functionality. One promising direc-
tion is the development of fully integrated, self-contained mi-
crofluidic chips that include on-chip flow generation, sensors,
and a control system. This integration would simplify system de-
sign, reduce external dependencies (e.g., power supplies, signal
generators, amplifiers), and improve overall system efficiency.
Miniaturizing macroscale periodic flow generators is challenging
due to their complex features, and new generation mechanisms
based on the fluid-structure interaction should be developed at
the microscale, such as hydroelasticity and aeroelasticity.[*4216]

Exploring new materials and microfabrication techniques
could lead to robust and miniaturized flow generation devices.
Smart materials, such as shape-memory alloys and responsive
polymers, have been employed to create adaptive systems that
adjust flow patterns in response to environmental changes or
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stimuli.l"*2] This adaptability enhances reliability and versatility
in diverse microfluidic applications. In addition, light-sensitive
materials are significant due to the ability to remote actuation,
yet the present studies are limited to very low frequencies (i.e.,
large response times). More effort should be put toward en-
hancing their response speed and sensitivity. Besides, future re-
search endeavors should explore mechanisms of generating pe-
riodic flow based on novel materials, such as liquid metals, 33!
MXenes,?*”] and metal-organic frameworks (MOF).[3*8] Regard-
ing fabrication techniques, the advancement of 3D printing-
based additive manufacturing techniques, especially two-photon
polymerization, brings unprecedented microfabrication capabil-
ity and resolution for complex 3D architectures at the micro and
nanometer scale.[>3-3*] This fabrication capability removes the
limitations of 2D layer-by-layer design and fabrication of tra-
ditional photolithography and soft lithography techniques, en-
abling the one-step fabrication of complex 3D structures. This
promises to achieve higher device reliability and performance.

Micro elastofluidics, an emerging field studying fluid-
structure interactions at molecular and microscopic
scales, shows promise for liquid handling and biological
interfacing.3*-3*1 Advances in flexible materials enable in-
novative fluidic capacitance-based devices and microfluidic
transistors to generate periodic flows. Future research should
prioritize developing novel polymers, elastomers, and hybrid
materials that can withstand repeated deformation while main-
taining their structural integrity and functional properties.
Besides, the integration of flexible microfluidics with electronic
components, such as sensors and actuators, could enable real-
time monitoring and control of periodic flows. This could lead to
the development of smart microfluidic devices that automatically
adjust flow parameters in response to changes in the system
or external conditions. Such integration would be particularly
beneficial for applications requiring precise flow regulation,
such as tissue engineering and organ-on-a-chip platforms.

In summary, periodic flows in microfluidics hold immense in-
novation potential across various fields. Understanding the fun-
damental mechanisms of periodic flow generation and expand-
ing their applications is crucial. By developing advanced genera-
tion methods, new materials and fabrication methods and seam-
lessly integrating them within microfluidic systems, researchers
can unlock new capabilities, functionalities and applications.
Continued interdisciplinary collaboration and the incorporation
of emerging materials will be key to advancing this promising
research area.
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