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This review describes the current knowledge and applications of pulsatile flow in microfluidic 

systems. Elements of fluid dynamics at low Reynolds number are first described in the context 

of pulsatile flow. Then the practical applications in microfluidic processes are presented: the 

methods to generate a pulsatile flow, the generation of emulsion droplets through harmonic 

flow rate perturbation, the applications in mixing and particle separation and the benefits of 

pulsatile flow for clog mitigation. The second part of the review is devoted to pulsatile flow in 

biological applications. Pulsatile flows can be used for mimicking physiological systems, to 

alter or enhance cell cultures, and for bioassay automation. Pulsatile flows offer unique 

advantages over a steady flow, especially in microfluidic systems, but also require some new 

physical insights and more rigorous investigation to fully benefit future applications. 

 

 
1. Introduction 

 
The precise manipulation of fluids at the submillimeter scale through microfluidics 

benefits a wide range of applications including material science, microscale physics, in vitro 

diagnostics, drug discovery, biotech process control, and ecological screening.[1–5] This 

potential was first realized in the development of inkjet printheads, which utilized 

microfabricated arrays of 10-100 µm nozzles to efficiently and rapidly deliver ink droplets.[6] 

Their precise control, rapid actuation, and ease of automation allowed microfluidic inkjets to 

revolutionize the printing industry. However, it has only been over the last two decades that 

microfluidics has seen tremendous growth in other applications, as microfabrication 

technologies have become cheaper and more accessible.[1] This has opened many exciting 



  

2 
 

directions for innovation and new research, giving rise to a dynamic field of microfluidics-

based research.  

 Over this period, sophisticated microfluidic devices have emerged, demonstrating rapid 

cell sorting,[7] ultrasensitive analyte detection,[8,9] monodisperse microdroplet emulsification, 
[10] precise micro pumping ,[11–13] and biosample purification.[14,15] These have utilized a variety 

of different transport phenomena which can be broadly categorized as either capillary, pressure-

driven, centrifugal, electrokinetic, and acoustic transport.[1] Regardless of the transport scheme, 

microfluidic devices are all characterized by submillimeter length scales, giving rise to physical 

relationships which differ considerably from macroscale flows. Herein lie numerous advantages 

which have enabled so many novel microfluidic applications, as well as some clear limitations 

which have made it challenging for these new applications to reach the scalability and ubiquity 

of inkjet printing. Many of these limitations are tied to the nature of steady laminar flow in 

microchannels.[16]  Recent reports suggest that these limitations may be overcome using more 

complex unsteady flows. 

Laminar flows through circular and rectangular channels can be solved analytically, 

while flows in more complicated geometries can be solved with high accuracy using simulation 

software.[17] This allows for microfluidic designs to be prototyped and fine-tuned using digital 

models before investing in any microfabrication. While this simplicity is desirable from a 

design standpoint, several challenges come with laminar transport, one of which is reagent 

mixing. 

 For a reagent or chemical species with mass diffusivity 𝐷, the ratio of advective to 

diffusive mixing is described by the Péclet number (Pé). At the macroscale, mixing is generally 

dominated by turbulent transport. But in low Reynolds number (Re) flows, the mixing speed is 

controlled by the diffusivity of reagents.  In a rectangular microchannel, this can result in 

mixing lengths larger than 1000 times the channel width. 

 Several inertial microfluidic strategies have emerged in the last decade, which use 

higher flow velocities to reach 𝑅𝑒	~	100 to leverage inertial effects in fluid mixing and particle 

transport.[18,19] Another technique is to increase the channel length to ensure sufficient reagent 

mixing before the next microfluidic operation. However, both strategies (increasing channel 

length or flow velocity) incur a significant energy cost, as the necessary pressure difference 

scales with both channel length and velocity for incompressible flow through constant cross-

section microchannels. These pressures often necessitate rigid fabrication materials such as 

glass and silicon [20] and pose a significant challenge for point-of-care or consumer applications 
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due to the cost of fabrication and limited access to external high-pressure sources.[21] Another 

option is to depart from steady unidirectional flow and take advantage of fluid oscillations.[22] 

 Pulsatile flow is an unsteady flow in which any arbitrary flow property can be 

decomposed into a time-averaged and oscillatory	component. Oscillatory flows are a specific 

category of pulsatile flows, having only an oscillatory component with zero time-averaged 

components.  In the mixing problem outlined above, it is possible to take advantage of the 

viscous nature of these low-Re flows, which require negligible energy to accelerate or 

decelerate. Instead of using the channel geometry to increase its length,  using an oscillatory 

velocity to periodically switch the flow direction increases the effective travel distance without 

requiring an increased pressure.[23] This increase in effective length is just one example of how 

pulsatile flow has been used in microfluidics, with numerous other examples in recent literature, 

many of which are far more complex. The time variance of pressure, velocity, shear stress, etc. 

in pulsatile flows has been used for enhanced separation and mixing,[24] microdroplet pinch-off 

and control,[25] efficient on-chip process automation,[23,26] and clog mitigation.[27,28]  

In addition to their added complexity for enhanced microfluidic functions, pulsatile 

flows also possess significant biological relevance. Nearly all macroscopic animals rely on 

some sort of open or closed circulatory system, through which fluid transport is driven by a 

pulsatile heartbeat. Indeed, many cardiovascular flows are modeled as pulsatile flows through 

chambers or channels.[29]  Even organisms which possess no heart or complex circulatory 

systems, such as jellyfish, sponges or fungi, often rely on unsteady flows in their environment 

to circulate nutrients and waste.[30] The pulsatile environment plays a critical role in the growth, 

motion, and development of many cell types.[31–33] As a result, many biologists have begun to 

incorporate pulsatile flows in their experiments. However, the characterization of pulsatile flow 

in these studies is often incomplete, due to a lack of standardization for describing and 

controlling parameters of the pulsatile flow. As more and more studies emerge, consistent 

nomenclature and control strategies will be paramount in establishing the cross-disciplinary 

knowledge needed to fully utilize pulsatile microsystems. 

This review provides a brief primer outlining some important physical phenomena in 

pulsatile flows, and what these mean in the context of microfluidics. It then presents a summary 

of the state-of-the-art in microfluidic systems which utilize pulsatile flows to reach new levels 

of functionality across a broad range of applications. Finally, this review addresses the 

importance of pulsatile flows in biological systems, in particular, to enhance cell culture 

efficacy and mimic physiological conditions in biomicrofluidic experiments. 
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2. Physical Description of Pulsatile and Oscillatory Flows 

The majority of microfluidic systems have relied on steady flows in rigid or deformable 

devices. To enable new functionalities, a few studies have focused on how to leverage pulsatile 

flows. While steady flows are time-invariant, pulsatile flows present a new time scale associated 

with the oscillation of the flow.  These systems are commonly driven by an external oscillating 

harmonic field. For example, a microfluidic flow driven by a pulsatile pressure difference ∆𝑝 

can be written as  

∆𝑝 = Δ𝑝! + 𝛿𝑝	𝑒"#$ 

where Δ𝑝! is the time-averaged pressure, 𝛿𝑝 denotes the amplitude of the pressure oscillation, 

and 𝜔 is the frequency of the oscillation.  

With this expression, several different flow fields can be defined, as shown in Figure 1. 

When the oscillation amplitude is zero (𝜹𝒑 = 𝟎), time variance disappears, leaving classical 

steady flow (Figure 1a). When 𝜹𝒑 ≠ 𝟎, two types of harmonic flow can be defined. Pulsatile 

flow describes the case when	𝚫𝒑𝟎 ≠ 𝟎, as shown in Figure 1b. In this situation, there is an 

average advection of fluid particles with an oscillatory amplitude of 𝜹𝒑 and angular frequency 

𝒇 = 𝝎/(𝟐𝝅) superposed on it. Oscillatory flow describes the case when 𝚫𝒑𝟎 = 𝟎, hence fluid 

particles experience no net advection over time, but rather oscillate about a central position. 

To characterize the influence of flow oscillations for varying microfluidic chip designs, 

it is also necessary to take into account the characteristics of the system. The Reynolds number 

(Re)  describes the magnitude of inertial forces relative to viscous forces in a flow, described 

by 𝑅𝑒 = 𝑈𝐿/𝜈	, where 𝑈 and 𝐿 are the characteristic velocity and length scales respectively, 

Figure 1 - Characteristic steady and transient flow schemes. For each plot, time is represented on the 
independent axis, and the dependent axis represents a flow-related variable such as velocity, pressure, or shear 
rate. (a) Steady flow has a non-zero mean value and no oscillatory component.  (b) Pulsatile flow has non-
zero mean value, with periodic time-varying oscillations about that mean. (c) Oscillatory flow has zero or 
near-zero mean value, with periodic time-varying oscillations about that mean.  
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while 𝜈 is the kinematic viscosity of the fluid, defined as the ratio of dynamic viscosity 𝜂 to 

density 𝜌 such that 𝜈 = 𝜂/𝜌. A typical microfluidic device (utilizing water as the working fluid 

𝜈 ≈ 10&'	𝑚(𝑠&) , average velocity  𝑈 ∈ [10&', 10&(]		𝑚𝑠&) , and channel width 𝐿 ∈

[10&', 10&*]		𝑚) possesses a range of 10&' < 𝑅𝑒 < 1.[16] Therefore, viscous effects tend to 

dominate fluid transport in microfluidic systems, yielding laminar flows. However, Re does not 

contain any parameters to account for the time-varying aspects of pulsatile and oscillatory flows. 

In a pulsatile environment, the fluid flow can be subjected to both viscous resistance 

and inertia resulting from the pulsatile nature of the system, even at low Re. This situation is 

different from steady flow in microchannels, where only viscous resistance is relevant. As a 

result, an additional dimensionless parameter needs to be introduced. The Womersley number 

(Wo)   compares the transient inertial effects to viscous forces, [34] defined as:  

𝑊𝑜 = J
𝜔	𝐿(

𝜈 K
)/(

 

For 𝑊𝑜	 ≪ 1, viscous effects dominate, and the oscillation frequency of the flow is sufficiently 

small, such that the steady velocity profile has time to develop during each cycle. For instance, 

in a cylindrical capillary, the steady-state Poiseuille profile is recovered at each oscillation cycle 

for low Wo. The opposite situation, where the oscillation frequency is sufficiently large, leads 

to 𝑊𝑜	 ≫ 	1 and corresponds to the situation in which the oscillatory inertial force dominates 

the dynamics and strongly modifies the mean flow profile. In this regime, when the pressure 

gradient is reversed, it takes some time before the pressure gradient can change the direction of 

the flow, which leads to a phase shift between the fluid flow and the pressure gradient. For 

instance, in blood vessels, the Womersley number typically ranges from 𝑊𝑜	~	15 for the larger 

vessels (aorta, large veins) to 𝑊𝑜	~	10&, for the smaller capillaries.[34] Thus the flow profile 

for larger vessels is significantly modified and out of phase with the pressure field, while the 

flow profile for smaller vessels is in phase with the pressure field.  

Another important aspect that neither Re nor Wo capture is the relative amplitude of 

oscillation 𝜉 = 𝛿𝑝/Δ𝑝!. 𝜉 also captures the approximate flow state where 𝜉 ≪ 1 corresponds 

to steady flow, 𝜉 ≫ 1 corresponds to oscillatory flow and 𝜉~1 corresponds to pulsatile flow. 

While this parameter is not commonly used in contemporary pulsatile studies, it completes the 

non-dimensional description of pulsatile flow. Re describes the laminarity of the flow, Wo 

describes the flow response to oscillatory forcing, and 𝜉 describes the flow as steady, pulsatile, 

or oscillatory. For studies that seek to produce physiologically relevant pulsatile flows in 

microsystems, matching the values for Re, Wo, and 𝜉 is thus crucial. 
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The analytical resolution of single-phase flow in the laminar regime can be performed 

in the case of a rigid microfluidic chip and has been considered, for example, to describe 

physiological flows. Nevertheless, the influence of flexible microfluidic channels on pulsatile 

flows is still an active research area that we will mostly neglect in this review, as the effects of 

compliance and harmonics are highly system-specific.[35–37] 

 

3. Pulsatile Flows in Microfluidic Processes 

 

3.1. Pulsatile Signal Generation 

To drive an oscillatory or pulsatile flow in microchannels, external and internal sources 

can be used to generate an oscillatory signal. External inputs, such as peristaltic pumps or 

digitally modulated pressure controllers, are perhaps the most straightforward mechanisms for 

generating a pulsatile signal. Similarly, custom pneumatic channels to superpose oscillatory 

pressure signals over a steady flow have been used to generate complex pulsatile flows, as 

illustrated in Figure 2.[38,39] While simple and relatively robust, external sources require 

additional power and space, making them unsuitable of point-of-care or field applications. They 

are also limited to signal frequencies less than about 15 Hz. As a result, numerous on-chip 

techniques have been explored. 

Generally, on-chip mechanical generation of oscillatory signals is still in early 

development. Asymmetric elastomeric components have been integrated into microfluidic 

channels to generate pulsatile flow with constant flow inputs.[40] This technique, analogous to 

Figure 2 - Pneumatically driven microcirculatory 
system. (A) Illustration of the circulatory loop (in red), 
pneumatic micropump (in blue), and valves and 
extravascular area (in yellow). The exploded view 
shows a micro gap for cell trapping. Notably, the 
pneumatic micropump was used to generate a pulsatile 
flow to recapitulate the physiological shear stress 
environment of endothelial cells. (B) Photograph of 
the microcirculatory chip with dye to indicate sections 
outlined in the schematic, with 5 mm scale bar. 
Reproduced with permission.[29] Copyright 2009 Royal 
Society of Chemistry. 
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an electronic switching circuit, requires that the device be designed as a whole to achieve the 

desired signal, and has only been demonstrated to reach frequencies as high as 1 Hz. While 

microfluidic applications are dominated by incompressible flows, microfluidic oscillators made 

of SU-8 on silicon have been shown to reach near-kilohertz frequencies with compressible 

flows.[41]  

 

On-chip pulsatile flows are commonly achieved using an oscillatory electrical signal. 

With origins in inkjet printing, thermal bubble micropumping uses an integrated micro-heater 

to drive the expansion of an attached bubble. This has been used to impose an oscillatory flow 

with frequencies up to 300 Hz [42] and can be performed using either Joule [43] or induction [44] 

heating to influence bubble expansion. Piezoelectric diaphragms have also bee used to induce 

fluid motion over a wide frequency range.[45–47] 

Electrodynamic phenomena can also drive pulsatile flows. In electrowetting, the surface 

energy between a fluid and dielectric-coated electrode can be manipulated using an applied 

potential. This is well-suited to microfluidic applications where surface tension alone can be 

used to drive capillary flows. Electrowetting systems are relatively simple to fabricate, requiring 

a single-level patterned electrode for basic functionality.[48] Electrowetting can be used to 

control fluid motion over the patterned electrodes with actuation frequencies in the kilohertz 

range,[49] with significant potential to enhance micro-scale mixing when combined with droplet-

based systems.[50,51]  

Electroosmosis is an electrokinetic phenomenon, in which an electric field is used to 

drive the bulk flow through capillaries or microchannels. Electroosmotic flow (EOF) has the 

advantage of straightforward, full-channel implementation, similar to electrowetting techniques. 

However, its sensitivity to electrochemical properties and Joule heating can limit its 

Figure 3 - Modular clip-on 
electroosmotic pump for oscillating 
flow. (A) Photograph of the pump 
and modified syringe filter holder 
attached to a simple microfluidic 
culture array filled with blue dye. The 
pump attaches with a standard Luer 
connector. (B) Exploded schematic of 
the modified syringe filter holder and 
pump, consisting of a porous 
polycarbonate membrane and two 
poly(3,4-ethylene dioxythiophene) 
polystyrene sulfonate (PEDOT:PSS) 
electrodes. Reproduced with 
permission.[57] Copyright 2018 
springer. 
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applicability to a variety of samples.[52]  Oscillatory EOF is still in early development, with 

numerous theoretical studies emerging.[53–56] Bengtsson et al. recently developed a clip-on 

electroosmotic pump with standardized Luer connectors for microfluidic cell culture devices, 

shown in Figure 3. This device could easily be adapted for other oscillatory microfluidic 

flows.[57] It has the advantages of low-cost, low-footprint, and easy implementation with 

demonstrated oscillatory flow rates of ±400 µL min-1 and frequencies up to 0.25 Hz. 

This summary illustrates the wide variety of techniques that can be used to generate 

oscillatory signals, which include a mix of active, passive, external, and on-chip strategies. On 

one hand, this variety is advantageous for designing microfluidic systems which may operate 

over a wide range of flow rates or handle samples with a variety of thermal, electrical, and 

viscous properties. On the other hand, this variety presents a challenge in describing the effects 

of pulsatile flows across such a wide range of operating conditions. For instance, many of the 

strategies reported above focus primarily on oscillatory frequency, while only a few specifically 

mention mean flow rate and oscillatory amplitude. Eventually, a more complete description of 

pulsatile parameters will be required to compare different techniques and standardize pulsatile 

studies across disciplines critically. 

 

3.2. Droplet Generation 

One classical application of microfluidic technologies is droplet generation and control, 

which has become a versatile tool with applications in material synthesis,[58–60] high-throughput 

biochemical screening,[61,62] and single-cell analysis.[63–66] Droplet-based systems possess the 

advantages of low reagent use, scalable production of droplets, a high-surface-area-to-volume 

ratio which facilitates fast reactions, and independent droplet control.[67] Most applications 

demand high uniformity in droplet size, but some applications require well-controlled 

sequences of droplets with different volumes.[25] Managing droplet coalescence is also critical 

in systems which use microdroplets for encapsulation of miniature reaction volumes.[68] In any 

case, precise control of droplet size, formation, and motion are essential. 

Early systems have utilized passive droplet generation techniques, in which constant 

flow rates or pressures are enforced in a two-phase microfluidic junction. The flow is driven by 

syringe pumps or pressure controllers, and the energy of the system is partially converted into 

interfacial energy which destabilizes the liquid-liquid interface and can induce droplet 

formation or corrugations of the jet.[10,69,70] Passive techniques for droplet generation rely on 

the spontaneous growth of Rayleigh-Plateau instabilities to trigger droplet formation.[71] While 

channel geometry can be used to passively induce or suppress droplet breakup,[72] pressure and 
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flow rate are the only tunable parameters. Electric fields can also be used to influence droplet 

breakup of dielectric jets,[73] but requires suitable working fluids. This means passive techniques 

are limited in droplet size, generation frequency, and appropriate fluid choice.[70,74] Instead, 

active techniques have emerged to provide additional flexibility in droplet size and production 

rate while also improving the system response time needed for stable droplet production.[25,75] 

Pulsatile flow is essential to numerous active droplet generation techniques. The 

pulsatile condition provides additional control over droplet formation, as it removes the 

dependence on Rayleigh-Plateau instability growth. Triggering the droplet formation with 

external forcing is particularly useful in generating droplets having very low interfacial tension. 

Such is the case for aqueous two-phase systems (ATPS).[76,77] While passiIn this case, a constant 

continuous-phase input and pulsatile disperse-phase input have been used to generate 

monodisperse ATPS droplets ranging from 10 pL to 10 nL.[78–82] Notably, the pulsatile 

frequency (0 to 200 Hz) and amplitude (1 to 3 mm) impact the synchronization of glycerol-in-

oil droplets generation.[83] Indeed, pinch-off dynamics induced by these pressure fluctuations 

are highly dependent on the initial perturbations.[84]  

Droplet formation can also be induced by vibrations. Using a traditional passive 

capillary injection coupled with an active loudspeaker and membrane, ATPS droplet generation 

frequencies as high as 1 kHz have been demonstrated,[85] which is roughly 100 times faster than 

the natural frequency for droplet formation for this system. Finally, pulsatile flows also provide 

Figure 4 - Oil-chopper based microdroplet 
generator. (A) Illustrative schematic of device 
operation with the oil-phase shown in red and 
aqueous phase in grey. (B) Pulsatile inputs to the 
oil-phase create oil microdroplets which perturb 
the adjacent continuous aqueous phase. This 
triggers rapid instability growth and aqueous 
droplet formation. (C) Oil and aqueous droplets 
are separated by density and then (D) collected 
in a theta-shaped capillary. Scale bars are 200 
µm. Reproduced with permission. [87] Copyright 
2017 Royal Society of Chemistry. 
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additional control over the position and shape of the individual droplet in confined flows.[86] 

These aspects are not only directly useful in the design of droplet-based microfluidic systems, 

but may also shed light on the dynamical features of physiological systems, such as red blood 

cells in pulsatile flows. 

A unique strategy introduced by Zhou et al. combines the benefits of both passive and 

active methods. This method involves perturbations induced by secondary oil droplets, termed 

“choppers,” to distort an adjacent aqueous surface and induce droplet formation in the aqueous 

phase.[87] While both the oil and aqueous phases are introduced via steady flow, the passive 

breakup of the high-surface tension oil jet triggers oscillatory perturbations in the aqueous jet, 

which leads to spontaneous active droplet formation. This was demonstrated at frequencies up 

to 2.1 kHz for droplet sizes ranging from 20 µm to 300 µm, having a coefficient of variance 

between 0.75% and 2.45% for droplet diameter. Oil and ATPS droplets were then separated by 

density in a 𝜃-shaped glass capillary. The droplet generation, separation, and collection steps 

of this method are depicted in Figure 4.  

 

3.3. Enhanced Mixing 

Mixing is often a crucial step in functional microfluidics, especially in material synthesis 

and bioassays. [24,88,89] Traditional microfluidic devices operate in a low-Re regime, yielding 

laminar flow profiles in which mixing is limited by diffusion. To improve upon this, more 

complex geometries in steady flow regimes can induce two-dimensional stretching and folding 

of fluid elements, which increases the interfacial area between segregated fluids to facilitate 

faster mixing. This process is termed chaotic mixing.[88] In addition to geometric elements, such 

as herringbone or serpentine channels, hydrodynamic focusing is also used to fold segregated 

fluids and enhance mixing times repeatedly.[89] Pulsatile strategies can also significantly 

improve mixing times, especially if coupled with other enhancements. 

 The simplest pulsatile mixing strategy is to add an oscillatory component to an 

otherwise-steady mixing interface. An early demonstration of this combined two aqueous fluids 

at a y-connection and used a pinch valve on each arm to generate strong pulsations, while a 

peristaltic pump provided the mean flow.[90] With this setup, Truesdell et al. performed a set of 

experiments to investigate the relative effects of pulse period, pulse width, and delay. They note 

that in cases of improved mixing, the mixing interface appears fractal, while the interface 

remains undisturbed under poor mixing conditions.  
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Another early demonstration was performed by Tsai et al., who used a thermal bubble 

micropump to generate an oscillatory flow in a microfluidic mixer.[43] They found that mixing 

of blue food dye and isopropyl alcohol improved with increasing oscillatory actuation 

frequency, with optimal mixing achieved around 200 Hz, as depicted in Figure 5a.  

Recently, Li et al. presented a microfluidic device which does not rely on any off-chip 

dynamic controllers to achieve pulsatile mixing.[91] They used integrated valves and elastomeric 

membranes to generate an oscillatory signal. The authors report a five- to twenty-fold 

improvement in mixing index at a switching frequency of 18 Hz when compared to a steady, 

diffusion-limited case as summarized in Figure 5b.  

Depending on the sample type and additional required functionalities, several other 

strategies to enhance mixing with a pulsatile flow have been proposed. For example, pulsatile 

Figure 5 - Examples of mixing enhancement by oscillatory perturbations. (A) Mixing of IPA and blue dye in a 
microchannel improve with increasing oscillatory frequency. From left to right: 5, 50, 100, 150, and 200 Hz. 
Reproduced with permission. [43] Copyright 2001 Elsevier. (B-1) Comparison of streamwise mixing in straight 
and elbow microchannels under steady flow (left) and 18 Hz pulsatile flow (right). (B-2) Plot comparing the 
mixing index in the streamwise direction, demonstrating significantly faster mixing under pulsatile conditions. 
Reproduced with permission. [91] Copyright 2016 Elsevier. (C) Time-lapse of mixing in a droplet due to 
electrowetting-induced oscillatory motion at 81 Hz, with approximately 0.55 seconds between images. 
Reproduced with permission. [51] Copyright 2006 AIP Publishing. 
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flows can be combined with geometry to induce rotational flows via circular mixing 

chambers,[92] or amplify chaotic mixing through converging-diverging nozzles[93] or cross-flow 

junctions[94]. Another promising technique leverages the internal convection of a confined 

moving droplet to enhance mixing. 

A confined droplet or fluid plug, which is in interfacial contact with the surrounding 

microchannel, will experience internal circulation as it moves through the channel. Stone et al. 

developed a model which predicts enhanced mixing in a spherical droplet subject to external 

flows,[95] while enhanced mixing in confined droplets has been experimentally demonstrated 

and visualized.[96,97] Mugele et al. added oscillatory motion to the droplet via transient 

electrowetting to further improve mixing speed, while also decreasing the required channel 

length.[51] They used an oscillatory frequency between 10 and 125 Hz to enhance mixing time 

by two orders of magnitude over pure diffusion in millimeter-sized droplets. The time evolution 

of one droplet, initially labeled heterogeneously with a fluorescent dye, is shown in Figure 5c. 

Mixing is a major microfluidic operation which has seen drastic improvements when 

enhanced by pulsatile flows. Whether through simple flow reversal to increase mixing time 

without increasing device footprint, high-frequency fluid oscillations to induce chaotic mixing, 

or internal circulation using droplet techniques, pulsatile strategies can improve mixing times 

by an order of magnitude over steady flow counterparts. Nevertheless, determining the optimal 

oscillatory parameters has largely been an empirical process, thus there remains significant 

room for the development of new models to describe pulsatile mixing environments. 

The applications of pulsatile flows to multiphase systems goes beyond the mixing of 

two liquids. The motion of particles in suspension can be altered by the addition of a time-

dependent component of the flow field. 

 

3.4. Particle Separation and Control 

Particle manipulation is an enabling function for many microfluidics systems. Inert 

microparticles, such as those made of polystyrene, are frequently used to demonstrate particle 

operations including separation, concentration, and focusing.[98] Functional micro- and 

nanoparticles, such as magnetic or bio-conjugated beads, allow for more sophisticated particle 

manipulation via external fields or specific adsorption of target molecules to enhance 

bioassays.[99] Droplets, cells, bacteria, viruses, and even large macromolecules such as DNA[100] 

are all particles ranging in size from tens of nanometers to hundreds of micrometers.[101] Due to 

the variety of particle sizes and physical properties, manipulation cannot be achieved using the 
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same technique for all applications, inspiring a surge in the development of passive and active 

particle manipulation platforms over the last two decades.[102,103] 

 While the majority of microfluidic operations involving particles have been performed 

with a steady flow, pulsatile and oscillatory environments have enabled novel functionality.  

One challenging aspect of low-Re inertia-less flows is their reversibility, which must be 

overcome in pulsatile systems. This has been done by designing microfluidic features which 

break the symmetry of the flow, allowing for different particle motion in the forward and 

reverse directions.  

McFaul et al. demonstrated a microfluidic funnel ratchet to separate cells based on size 

and deformability, as illustrated in Figure 6.[104] In this device, cells pass through a network of 

asymmetric tapered constrictions under oscillatory flow conditions generated by a commercial 

pressure controller. Smaller cells can pass through the constrictions in the forward direction, 

while larger cells are excluded. Under reverse flow, the smaller cells remain trapped upstream, 

resulting in repeatable and irreversible cell sorting. The authors report a throughput of 

approximately 9000 cells per hour with 98% efficiency. They separated peripheral blood 

mononuclear cells (PBMCs) and mouse lymphoma cells (MLCs)  with a sorting area of 3.2 mm 

x 1.34 mm.  

Figure 6 - Illustration describing the operation of 
a microfluidic oscillatory ratchet for cell sorting. 
(A) Under forward flow, smaller deformable 
particles (blue) can pass through the tapered 
constrictions since they are small enough to fit 
through the opening. Larger particles (red) cannot 
squeeze through. (B) Under reverse flow, smaller 
particles are trapped, as they no longer fit through 
the reverse openings, while large particles flow in 
the reverse direction. Organizing these 
obstructions in an array allows particles to be 
separated by size under oscillatory flow. 
Reproduced with permission. [104] Copyright 2012 
Royal Society of Chemistry. 
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A similar technique was used by Cheng et al. to perform single cell capture, array, 

release, and labeling with a relatively simple design.[26] They used a two-dimensional trap array 

to filter 2 µm beads from 12 µm beads with 92.7% efficiency under a 1 Hz pulsatile flow, 

however separation of circulating tumor cells (CTCs) from whole blood was challenging due 

to the significant overlap in sizes of CTCs and white blood cells (WBCs). Based on similar 

works, CTC isolation could be improved by deformability-based separation,[105–109] rather than 

size-based separation, while still benefitting from the reduced footprint and simplicity of 

operations facilitated by the pulsatile flow strategy.  

 Recently, Lee et al. demonstrated a passive microfluidic chip capable of both particle 

sorting and focusing using a similar combination of asymmetric obstacles and oscillatory 

flow.[110] They use an array of asymmetric traps, depicted in Figure 7, to uniquely influence 

particle migration in both the forward and reverse direction. They demonstrate size-based 

segregation with > 95% efficiency, solution exchange (i.e., washing), and focusing/splitting of 

particle suspensions on a closed fluidic circuit requiring minimal external equipment. 

Oscillatory flows have also been implemented in inertial microfluidics, which perform 

particle focusing and manipulation in microchannels using inertial lift forces.[18] One limitation 

Figure 7 - Particle operations performed in an asymmetric obstacle array under oscillatory flow. (A) Illustration 
showing particle focusing under oscillatory flow when arrays are pointed towards the center. (B) Micrographs 
taken before and after particle focusing, with corresponding histograms to quantify particle migration. (C) 
Illustration showing particle splitting under oscillatory flow when arrays are pointed away from the center with 
(D) corresponding micrographs and histograms.  Reproduced with permission. [110] Copyright 2019 Springer 
Nature. 
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to inertial microfluidics is the strong correlation between particle size and the inertial lift force. 

Particles smaller than a few microns require prohibitively long channel lengths to reach their 

focusing position, on the order of a few meters. However, an oscillatory flow strategy enables 

microchannels to have an infinite effective length, enabling the inertial focusing of small 

particles in relatively short channels. This was demonstrated by Mutlu et al. in 2017, who used 

a 10 to 20 Hz oscillatory flow to focus a variety of particles as small as 500 nm in 10 

seconds.[111] In addition to focusing, other modes of self-assembly are possible in oscillatory 

inertial microfluidic systems.[112] 

In all of these strategies, a major advantage of oscillatory flows is the reduction in device 

footprint, since flow switching increases the effective channel length without increasing the 

actual physical length. The particle operations are therefore performed over an infinite effective 

length without incurring significant losses due to drag forces, which leads to unique operations 

when the forward and reverse flows are asymmetric. Additionally, many of the works reviewed 

above demonstrate superior reliability and claim that oscillatory systems exhibit a lower 

susceptibility to clogging than equivalent steady-flow techniques. This is extremely promising 

for high-throughput particle operations such as blood fractionation or rare-cell isolation, which 

are often limited by their operational robustness.  

 

3.5. Clog Mitigation 

A considerable obstacle to the commercialization and widespread use of microfluidics 

is their propensity for clogging. Whether due to accidental contamination with impurities or an 

accumulation of target particles themselves, clogging is typically detrimental to microfluidic 

systems, which can be prohibitively difficult to clean or reset once the flow is impeded.[113] 

Until this issue is adequately addressed, microfluidic platforms may continue to suffer from a 

low adoption rate. As a result, there has been a push to understand the complex problem of 

clogging at the single-pore[114,115] and even single-particle level,[116] to better predict and model 

the growth of clogs.[117] All of these fundamental clogging studies have focused on steady flow, 

but recent reports have found that clogging can be effectively mitigated with the aid of 

oscillatory perturbations.  

 Under steady inertia-less flow, particles which become clogged are most likely to 

remain clogged. However, periodic oscillations can re-orient particles to delay or eliminate the 

onset of clogs. For example, in the previously mentioned study by McFaul et al., the oscillatory 

flow was not only essential in controlling particle motion in the microfluidic chip, but also 

played a significant role in clog mitigation. The authors operate the system continuously for 
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more than four hours without any degradation in functionality.[104] An oscillatory flow strategy 

was also used to mitigate clogging in the previously mentioned microdevice by Cheng et al., 

using a 1Hz pressure fluctuation as their oscillatory condition.[26] 

 In 2016, Cheng et al. demonstrated a clogging-free platform for cell separation from 

undiluted blood, which is highly susceptible to clogging.[118] They used a bidirectional 

micropump to enable reverse flushing of micropores to prevent clogging of the commercially 

available polycarbonate membranes. Their bidirectional flow strategy highlights the impact of 

oscillatory motion in clog prevention.  At the same time, Yoon et al. used a piezoelectric 

actuator to add 130 Hz fluid oscillations to a micro-sieving system capable of size-based 

separation of polystyrene particles and cancer cells with 100% separation efficiently and 98% 

retrieval.[28] They used the same device to separate cancer cells from whole blood, during which 

fluid oscillations prevent the micro-sieve from becoming clogged by filtered cancer cells, 

allowing continuous separation with high efficiency. Partially-clogged, flowing, and filtered 

samples are shown in Figure 8.  

Figure 8 - Clog mitigation via oscillatory flow. (A) Illustration demonstrating the impact of oscillatory flow in 
clog mitigation. (A-1) Small and large particles become packed against the filter, resulting in a clog. (A-2) 
Oscillatory flow continuously clears the filter space to prevent clog formation. (A-3) Small particles continue to 
flow through the filter, allowing large particles to be enriched. (B) Micrographs of a continuous µ-sieve device 
for the enrichment of cancer cells in whole blood. (B-1) A filter region which is partially clogged by a 
combination of cells. White dotted circles indicate the cancer cells. (B-2) Clog-free sieving under oscillatory 
flow. (B-3) Enriched cancer cells after sieving the spiked blood sample. Reproduced with permission.[28] 
Copyright 2016 Springer Nature. 
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 Another whole blood device, developed by Mehendale et al., uses a radial array of 

pillars and a vibration motor to achieve clogging-free operation.[27] The radial flow pattern 

results in dynamic cross-flow regions as certain pathways become more constricted, while the 

attached vibration motor helps to disturb cell clusters which would otherwise clog the array. 

The oscillatory frequency of the vibration motor was not explicitly discussed. 

Across these studies, we note that the oscillation frequency can vary significantly while 

still mitigating clog formation. Some authors have reported frequencies as low as 1Hz, and as 

high as 200 Hz, while some authors do not report their oscillatory parameters. Based on the 

works reviewed, pulsatile flows provide some benefit to clog mitigation, but there is still much 

to learn in terms of optimization and physical mechanisms. The dynamics of clogging and clog 

mitigation in microfluidic systems is still a growing topic, and a rigorous study of clogging in 

pulsatile systems has yet to be conducted. 

Despite the current gaps in pulsatile flow mechanisms and parameter standardization, 

numerous groups have already used pulsatile flows for droplet generation, enhanced mixing, 

particle control, and clog mitigation. These signals can be generated in a variety of ways, each 

with their own strengths and limitations, giving rise to a wide range of platforms. Many of these 

have been utilized in biological studies spanning the molecular- to tissue-level, as pulsatile 

flows are ubiquitous throughout living systems.[29,30] Additionally, the range of operations 

enabled by pulsatile flow techniques makes them extremely attractive for the automation of 

standard bioassays. 

 

4. Applications of Pulsatile Flows in Biology 

 

4.1. Biomimicry for Physiological Studies 

Biological experiments are a cornerstone to critical advancements in drug discovery, 

genetic mapping, and biophysics. [119] Generally, these experiments are challenging because 

rigorous control is difficult to achieve with living systems, hence repetition and multiplexing 

are heavily utilized to improve the clarity and significance of results.[120]  Furthermore, they 

may require exotic, expensive reagents which can become prohibitive. To directly address these 

issues, biological experiments have now utilized microfluidic platforms for decades,[121] 

allowing for reduced reagent consumption and better environmental controls, such as cell 

localization and environment sterility. Indeed, numerous groups have taken advantage of lab-

on-a-chip platforms to automate multiplex processes and generate results at an accelerated 

rate.[122] 
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 The underlying assumption of these in vitro experiments is that the results offer some 

insight about in vivo biology. To satisfy this assumption, the in vitro models seek to mimic 

relevant aspects of the in vivo environment. This includes the mechanical environment of the 

biological system.[123] For example, endothelial cells, which line the inside of the cardiovascular 

system (CVS), are exposed to shear forces resulting from blood flow.[29] These forces are driven 

by the heartbeat and are pulsatile in nature with Wo > 1 in many regions of the CVS. Therefore, 

steady flow is insufficient in recapitulating the stress environment of many endothelial cells, 

and there has been significant interest in capturing the pulsatile nature of cardiovascular 

flows.[124,125] Shear stress was experimentally determined in vivo in 1980, using the feline 

mesentery as a model system spanning a wide range of vasculature levels at a scale similar to 

that of a human.[126,127] Pulsatile microfluidic environments can hence be tuned to mimic in vivo 

conditions and provide greater physiological relevance.  

Using a pulsatile flow chamber, Chien et al. compared endothelial cell (EC) gene 

expression and morphological changes under steady, oscillatory, and pulsatile flow 

conditions.[128] While the authors used an oscillatory pump to generate various pulsatile flow 

conditions, it is also possible to convert a steady flow perfusion system into a pulsatile system 

using a set of switches to periodically redirect flow, as illustrated in Figure 9a.[129] Using similar 

techniques, numerous groups have demonstrated a variety of mechanical feedback mechanisms 

which yield distinct responses under pulsatile flow conditions.[125,128,130] In 2006, Wang et al. 

showed that expression of Krüppel-like factor 2, which is essential to EC differentiation and 

Figure 9 - Oscillatory flow for investigating the effects of physiological shear stress on cultured endothelial cells 
(ECs). (A) Illustration of an oscillatory parallel plate flow chamber. The pump (1) draws fluid from the reservoir 
(2) at a constant speed. Directional control switches (3) are used to open and close hoses, generating a pulsatile 
flow through the perfusion chamber (4). Reproduced with permission.[129] Copyright 2019 Elsevier. (b) Flow-
pattern specific regulation of Krüppel-like factor 2 (KLF2) in ECs exposed to either pulsatile flow (PS) or 
oscillatory flow (OS) compared to the static control. The horizontal dashed line represents KLF2 expression in 
the static control group, while PS and OS levels are normalized as a percentage of the static control. RNA 
samples were isolated at 0, 1, 4, 12, and 24 hours after exposure to pulsatile or oscillatory flow and quantified 
via real-time RT-PCR. Reproduced with permission. [131] Copyright 2006 Elsevier. 
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development, is different under static, oscillatory, and pulsatile flow condition, reported in 

Figure 9b.[131] Similar experiments have demonstrated that endothelial cells respond to 

oscillatory shear stress with increased expression of miRNA-663[132] and Toll-like receptor 2 

(TLR2),[129] both of which are highly associated with an inflammatory response. Therefore, 

mimicking the pulsatile nature of cardiovascular flows is essential to understanding 

inflammatory diseases like atherosclerosis and even aneurysm progression.[133] Numerous 

cardiovascular organ-on-a-chip (OOC)  platforms have emerged over the past decade, and have 

just recently begun incorporating complex flows to emulate the in vivo stress environment.[134]  

Physiological pulsatile flows are not limited to the cardiovascular system. Eyes are 

coated by a thin film of tears, which is subject to an oscillatory flow generated by blinking. 

Blinking helps to clear debris from the cornea, as well as redistribute tears to maintain 

hydration.[135] The oscillatory shear forces associated with blinking may also be an essential 

signal for corneal epithelial cell growth and maintenance. Corneal epithelial cells were grown 

under static, steady, and oscillatory conditions, then compared using a combination of scanning 

electron microscopy and immunofluorescence. Cells grown under oscillatory conditions exhibit 

drastic differences in cell morphology and expression of cell junctions when compared to steady 

flow and static control.[136] This emphasizes the importance of accurately capturing the transient 

shear environment when modeling ocular surface pathology, especially when tear film may be 

compromised, such as with contact lenses and chronic dry eyes. 

Oscillatory flows emerge in many other natural settings as well, which may require 

translation to microfluidic platforms for simplified study. Tidal environments are inherently 

subject to oscillatory forcing from waves, as well as long-term oscillations in their local 

environment as the sea waxes and wanes. This has an extreme impact on the spacial 

heterogeneity in coastal aquifers[137] and the lifecycle and feeding habits of benthic 

organisms.[138]  Many of these marine animals are microscopic and use small hair-like filaments 

called cilia to sense their environment and capture food particles. These cilia generate micro-

pulsatile flows to pump food particles toward them, which has inspired several groups to model 

synthetic oscillating cilia for microparticle capture[139] and asymmetric oscillatory signal 

generation.[140] Additionally, many microswimmers rely on asymmetric oscillatory forcing to 

move through their environment.[141,142] Platforms which can precisely control oscillatory force 

environments are essential in studying these diverse organisms and interactions. The initial 

efforts toward the development of such platform have focused on cell culture, in which a single 

species or community of cells are grown under controlled conditions. When these organisms 
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are sensitive to shear stress, the nature of their flow environment can affect their growth and 

proliferation; hence, pulsatile flows have seen increased use in cell culture protocols. 

 

4.2. Enhanced Cell Culturing 

 

Cell culture is a fundamental component of biomedical research, enabling the 

investigation of cellular and molecular mechanisms, pharmaceutical development, and 

regenerative medicine.[143]  Naturally, there is a demand for miniaturizing the cell-culture 

environment using microfluidic technologies to reduce media consumption, improve sterility, 

and provide greater control.[144] In particular, microfluidics enables the precise manipulation of 

shear forces experienced by cells, with well-characterized and highly repeatable flow profiles. 

For many cell lines, the shear stress environment significantly affects cell growth and 

development.[124,125,145] Therefore, oscillatory flows may better mimic physiological flow 

conditions, giving rise to improved cell proliferation and viability. 

 It is well-understood that endothelial cells (ECs) possess mechanosensitive feedback 

mechanisms which are highly sensitive to the shear flow environment.[146] Depending on the 

mean shear stress and oscillatory shear stress, the feedback mechanisms can bolster or impede 

endothelial cells growth. Generally, a pulsatile environment with relatively high mean shear 

stress has demonstrated positive effects on endothelial cells growth, while oscillatory 

environments are correlated with inflammation and disordered cell morphology.[39] But 

endothelial cells are not the only cell type to respond to pulsatile culture systems. 

Figure 10 - Effects of oscillatory shear 
stress on osteoblast-like cells. Cells are 
stained with Calcein-AM to indicate live 
cells (green) and propidium iodide to 
indicate dead cells (red). Each frame 
represents a different flow condition: (A) 
static culture, (B) steady perfusion at 1 
mL/min, (C) pulsatile perfusion at 0.5 
mL/min, (D) pulsatile perfusion at 1 
mL/min. Both pulsatile cultures exhibit 
superior cell proliferation and viability 
compared to the static and steady flow 
cultures. Reproduced with permission.[149] 
Copyright 2009 Wiley and Sons. 
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 Bone tissues are also subject to a periodic mechanical loading, and the fluid shear 

stress induced on bone cells in vivo is dynamic in nature. Bone marrow stromal cells possess 

the stem-cell-like ability to differentiate into bone, cartilage, adipose, and hematopoietic 

supporting tissues based on chemical and physical differentiation cues.[147] Oscillatory 

techniques benefit the culture of these cells for regenerative therapies. Human marrow stromal 

cells subject to pulsatile flow in parallel plate flow channels exhibit increased proliferation and 

intracellular Ca2+ mobilization.[148] Similarly, mouse osteoblast-like cells exhibit significantly 

improved viability and proliferation uniformity under pulsatile flow conditions when compared 

to steady and static flow conditions in 3D culture, as illustrated in Figure 10.[149] 

 

4.3. Automation of PCR and Other Bioassays 

Polymerase Chain Reaction (PCR) is a nucleic acid amplification technique heavily 

utilized in biomedical research and forensic investigations.[150] Multiplex PCR enables the 

amplification of several distinct DNA templates in the same reaction volume, which reduces 

the total time and effort required.[151] Most conventional PCR systems rely on macroscale 

thermal cycling, which can take 2 – 3 hours for a 30 – 40 cycle amplification, due to the overall 

thermal mass and large diffusion lengths. To improve cycle time, microfluidics-based PCR 

devices have emerged.  

Stationary microchamber PCR is a miniaturized analog to conventional PCR. The PCR 

solution is kept in a stationary well while a micro-heater performs the thermal cycling steps. 

This system still requires some optimization of thermal mass to minimize reaction times and 

power consumption.[152] Continuous-flow PCR utilizes pumping to drive the PCR solution 

through several isolated reaction zones, which improves the temperature transition rate and 

reaction time. However, continuous flow reactors lack cycle time and cycle number 

flexibility.[153] Oscillatory flow PCR reactors have been developed to address all of these 

shortcomings. 

Oscillatory PCR reactors also use a moving sample, which can be either single-phase or 

droplet-based, but modulate the flow speed and direction in an oscillatory manner as illustrated 

in Figure 11. This allows individual reaction zones to be utilized repeatedly, which adds 

flexibility in accommodating amplification cycles while maintaining a simple, compact 

platform. These advantages have allowed for simultaneous detection of multiple bacterial 

pathogens in just 15 minutes, with detection limits comparable to that of conventional PCR. 
[154–156] Oscillatory flow reverse transcription (RT) PCR reactors, which utilize an additional 



  

22 
 

enzyme to amplify RNA targets, have also demonstrated similar rapid process times as low as 

15 minutes. [157]  

With clear advantages in processing speed and footprint reduction, oscillatory flow PCR 

reactors still have room to grow in complexity and robustness. For example, many of the groups 

mentioned above have neglected multiplex thermal protocols for PCR, as the annealing 

temperature for each PCR reaction may be different depending on the template and primer pairs. 

Nie et al. have addressed this by using microheaters and temperature sensors integrated on a 

silicon substrate and parallel microchannels fabricated in glass or PDMS laminates.[158]  

Oscillatory PCR systems will benefit from additional technologies which incorporate 

sample preparation and real-time detection on-chip. Naturally, these platforms will synergize 

well with other pulsatile bio-environments used for physiological studies and cell culture, as 

PCR and RT-PCR are extremely valuable tools for obtaining direct information about gene 

expression in cells. With growing evidence that highlights the importance of transient stresses 

in many cells types, combined with all of the functional benefits demonstrated thus far,  

progress in pulsatile signal generation and pulsatile flow operations will continue to enable 

physiologically-relevant studies and bioassay automation in microsystems. 

 

5. Conclusions and Perspective 

Microfluidic devices have been increasingly used over the last two decades to take 

advantage of several attributes that come with miniaturization. Ideally, their small footprint and 

multifunctionality allow for portable use with minimal user experience. Their sub-millimeter 

Figure 11 - Illustrative schematic of an 
oscillatory PCR chamber. PCR mixtures, 
consisting of primers and DNA templates, 
are represented by the colored droplets 
along the center. N channels can be 
aligned in parallel over the three constant-
temperature reaction zones for 
denaturation, extension, and annealing for 
multiplex testing. Each channel can be 
controlled with an independent pressure 
source, enabling different PCR recipes 
which correspond to different PCR 
mixtures. This strategy allows for any 
number of thermal cycles without 
increasing the device footprint, while also 
ensuring reaction homogeneity through 
mixing induced by oscillatory droplet 
motion. Reproduced with permission. [155] 
Copyright 2011 Springer Nature. 
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scale often results in low-Re flows, which can start and stop almost instantaneously with high 

repeatability. Micron-scale features allow for precise manipulation of micron- and submicron-

scale particles, such as red blood cells, cancer cells, bacteria, viruses, and designer micro- and 

nanoparticles. But microfluidic devices also suffer from their own set of unique challenges, 

some of which may be overcome using pulsatile or oscillatory flows. Many studies have 

emerged which demonstrate oscillatory enhancements in mixing, low interfacial tension droplet 

generation, particle manipulation, and clog mitigation. Additionally, recent biological studies 

have focused on the incorporation of pulsatile flows to improve the physiological relevance of 

in vivo system, enhance cell cultures, and automate bioassays such as PCR. However, a great 

deal of these studies has also left many open questions to be addressed with future work. 

 A distinct lack of turbulent transport in low-Re flows means that mixing of heat, 

momentum, and chemical species is limited by their respective diffusivities. Mixing by 

diffusion can be prohibitively long; thus, tremendous effort has been spent on improving mixing 

times in microfluidic systems. Recently, we have seen numerous oscillatory techniques which 

can be easily combined with existing chaotic mixing strategies to significantly enhance mixing 

time. This is particularly beneficial in the automation and rapidization of bioassays, which often 

rely on mixing for chemical labeling and thermal cycling.   

 The dominance of interfacial effects at the microscale has enabled an era of precise 

droplet generation and control. Aqueous two-phase system (ATPS) droplets are desirable for 

their extreme biocompatibility, which makes them ideal platforms for cell encapsulation[159] 

and biomolecule delivery.[160] However, stable generation of ATPS droplets is challenging 

under steady flow, as Rayleigh-Plateau instability growth is slow with low interfacial tension. 

The addition of oscillatory perturbations has been demonstrated to remove the dependence on 

passive instabilities, allowing for ATPS droplet generation at frequencies as high as 2 kHz, 

spanning a wide range of droplet volumes.  

  The challenge of clogging has always plagued microfluidic systems, especially when 

handling complex samples such as whole blood. As a result, many microfluidic functionalities 

are only demonstrated with highly controlled samples, such as microbeads in water. Eventually, 

clog formation and clog mitigation must be understood to facilitate the development of robust 

microfluidic systems, which can be successfully operated without clogging outside of the 

laboratory environment. Several groups have recently utilized a variety of pulsatile flow 

strategies to periodically reset particles and delay or prevent the onset of clogging. These 

strategies vary tremendously in their oscillatory parameters, indicating that almost any 

significant oscillatory input may reduce clogging susceptibility.   
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 The applications of mixing, droplet generation, particle control, and clog mitigation 

have made oscillatory microfluidics an ideal platform for cell manipulation and miniaturization 

of bioassays, such as PCR. Additionally, pulsatile and oscillatory flows themselves are 

desirable for developing physiologically relevant models in which in vivo oscillatory conditions 

are significant, such as the cyclic stresses experienced in blood flow and bone loading. Indeed, 

we have seen that adding oscillatory conditions to traditional cell culture systems can alter cell 

growth and proliferation, demonstrating the importance of oscillatory control when optimizing 

culture protocols or investigating the impact of oscillatory stresses in vitro.  

 With all of these applications emerging in the last decade or so, pulsatile microfluidics 

is still in its infancy. The move from steady to pulsatile input conditions increases design 

complexity in several respects. The addition of oscillatory frequency and amplitude represent 

two additional control parameters which affect the transient flow profile and overall system 

functionality. The influence of harmonics, especially in compliant systems such as those made 

of PDMS or other elastomers, means that these oscillatory parameters are coupled with the 

system itself. This complicates the design process, as harmonic effects can alter effective 

impedance and damping force at the microscale must be considered. Measuring, controlling, 

and reporting these parameters will be essential in the development of broadly-applicable 

pulsatile theories.  

As new applications emerge, developing a more thorough understanding of pulsatile 

systems will greatly benefit microfluidics as a whole. Microfluidics has recently experienced a 

push toward modularity[161–163] to improve adoption rate by decreasing the need for custom 

lithographic devices. This presents an excellent opportunity for designing modular fluid 

oscillators, which eliminate the dependence on outside equipment to generate the oscillatory 

signal. However, given the complexity of pulsatile flows in microsystems, fundamental 

characterization and optimization of oscillatory parameters for the applications mentioned in 

this review represent an essential step in standardizing the implementation of modular 

microfluidic oscillators. With that established, simplified inclusion of pulsatile flows in 

microfluidic systems will contribute to a new era of functionality and reliability, which will 

greatly benefit existing microfluidic assays and processes, and help enable the widescale 

development and commercialization of microfluidic solutions. 
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