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Abstract: In the recent years microfluidic technology has affirmed itself as a powerful tool in 

medical and biological research. Among the different applications, cell manipulation has been widely 

investigated. Micro-flowcytometers, micromixers, cell sorters and analyzers are only few examples 

of the developed devices. Various methods for cell manipulation have been proposed, such as 

hydrodynamic, magnetic, optical, mechanical, and electrical, in this way categorized according to the 

manipulating force employed. In particular, when cells are manipulated by hydrodynamic effects, 

there is no needing of applying external forces. This brings to a simplification in the design and 

fabrication phase, and at the same time undesired effects on the biological sample are limited. In this 

paper, we will discuss the physics of the relevant hydrodynamic effects in microfluidics, and how 

they are exploited for cell manipulation. 
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1. Introduction  

Microfluidics is a research field which is spreading faster and faster. The possibility to realize 

hand-held devices, that can substitute traditional instrumentations, has kept the interest of a wide 

scientific community [1,2]. The improvements achieved in the microfabrication techniques have 

deeply contributed to the diffusion of this technology [3,4,5]. Microfluidics is nowadays applied in 

several fields, and promises to bring innovation in particular in cell biological research [6,7,8]. 

Fluidic channels with a size in the micrometers range well match the cells scale, by also allowing 

manipulation of small quantities of fluids (nanoliters to picoliters). The characteristics of these 

micro-systems give the opportunity to create new methods and approaches for cell manipulation [9,10], 
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replacing expensive laboratory instrumentations. In the last twenty-years several micro-devices for 

cell manipulation, based on different physical principles, have been proposed. 

1.1. Active manipulation by external forces 

Among the methods that imply the use external forces, one of the most adopted is based on 

dielectrophoresis (DEP) [11,12,13]. When an alternating electric (AC) field is applied, the motion of 

a dielectric particle, such as a cell, can be controlled. Therefore, devices that integrate both fluidic 

channels and electrodes allow to translate, trap and rotate cells, according to the characteristic of the 

generated electric field. Electrodes differently oriented respect to the fluid flow direction allow to 

move and rotate cells or particles along multiple axes. One drawback in electrical manipulation 

approach is the needing of an additional technological step during the fabrication of the devices. 

Moreover, several scientists agree on the possibility that these fields could alter the biological sample 

under analysis. Optical forces are commonly employed for manipulation at the single cell level. In 

1970 Ashkin showed how was possible capture biological particles in a stable manner by using a 

focused laser beam [14]. This approach is known as optical tweezer (OT) or optical trapping. Both 

the single-beam and two-beams configuration have been successfully used for generating a stable 

trap for manipulation and stretching of biological cells [15,16,17]. Furthermore, several researchers 

propone acoustic waves as manipulating forces [18,19]. The term acoustofluidics refers to the use of 

acoustophoresis, the motion of objects by acoustic waves, in microfluidics. Magnetic fields have 

been also investigated as a possible approach for manipulation of biological particles [20]. However, 

this method requires both the integration of magnetic elements into the device, and, in most of the 

cases, the pre-treatment of the biological sample.  

1.2. Passive manipulation by hydrodynamic forces 

Although all the approaches based on active manipulation have shown high potentiality, they 

have two main critical issues: first, there is the needing of integrating additional elements (such as 

electrodes) into the micro-device, by increasing the complexity of the fabrication process; secondly, 

the applied forces or fields could generate un-desired effects on the biological sample, by voiding the 

results. These two issues do not concern approaches based on hydrodynamic manipulation. The 

devices based on this method exploit the fluid forces for manipulating the biological particles. In this 

paper, we first present the basic fluid dynamics equations that have to be considered in the design of 

a new device for cell manipulation based on hydrodynamic effects [21]. Then, we discuss the most 

relevant applications exploiting cell manipulation by means of hydrodynamic forces.  

2. Theory of Hydrodynamic Effects in Microfluidics 

The behavior of fluids at the micro and micro scale is different. In fact, in order to characterize 

the fluidic behavior at the microscale, the equations from the classical fluid dynamics are used, but 

some assumptions and simplifications are introduced due to the small size of the systems.  

2.1. Modelling the fluid flow 
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The well-known Navier-Stokes equations, for a non-compressible fluid, continue to hold in the 

microfluidic world [22,23]: 

  (
  

  
       )                                   (1) 

where ρ refers to the fluid density, v the velocity field, p the pressure drop across the channel, μ the 

fluid viscosity, and f the volume forces. Conceptually, the equations can be considered as a balance 

of the forces acting on each single fluid element: 
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In most of the microfluidic devices, the inertial forces are negligible. This means that the 

previous equation can be simplified as a balance between pressure forces and viscous forces: 
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Or in another form: 

                                       (4) 

The ratio between the inertial and viscous forces defines a dimensionless number that is used in 

fluid-dynamics to characterize the fluid behavior: 

    
               

              
  

   

 
                         (5) 

Re is known as Reynolds number, an adimensional number that is used to classify a fluid flow 

as laminar or turbulent. In a laminar flow all the fluid elements remain parallel to each other. No 

vortices can generate as usually happens in turbulent flows. If Re < 2000 laminar regime dominates, 

whilst for Re > 2000 the fluid is in a turbulent regime. In microfluidics, due to the small length (L) of 

the system, the Reynolds number assumes really low values.  

2.2. Forces on a particle in a fluid flow 

A small particle or cell suspended in a fluid is subjected to hydrodynamic forces. The first force 

to consider is the drag force, defined as the force that acts on an object in the direction of the fluid 

flow: 

                                                                                (6) 

where dp is the particle or cell diameter. The equation can be written again as follows: 

   
  

 

 
    

                                 (7) 

where CD defines the drag coefficient, and A is the cross-sectional area of the cell or particle.  
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The previous expression is applicable in the case of a Stokes flow (or creeping flow), namely 

when inertial forces are negligible compared to viscous forces, and Re < 0.5 (condition typically 

satisfied in microfluidics). At higher values of Re, inertial effects become significant, and therefore a 

correction is introduced in equation (6). In evaluating the total force acting on a particle or cell in a 

fluid flow, the contribute FI due to the inertial effects is also taken into account:  

                                           (8) 

It has to be underlined that the previous formulation for the drag force is valid for spherical 

objects. For ellipsoidal objects, equation (6) is transformed as follows: 

                                           (9) 

where a is the equatorial semi-axis of the ellipsoid, and K a factor that depends upon the 

characteristics of the ellipsoid (i.e., if we are in presence of a prolate or an oblate ellipsoid). In 

particular, K is a function of β = b/a, the ratio between the major and the minor semi-axis of the 

ellipsoid. These theoretical aspects have to be analyzed in order to design a microfluidic chip for cell 

manipulation, by taking advantage of the hydrodynamic effects.  

2.3. Velocity profile in a microfluidic flow 

Another important aspect is to consider the velocity profile of the fluid flow. At low Re the flow 

regime is known as Hagen-Poisuelle flow. In this case the Navier Stokes equations can be solved to 

reveal that the flow profile is parabolic with the velocity at the center being the highest and the 

velocity at the boundary being zero. For a given mass flow rate Q, the pressure drop is: 

                                           (10) 

with RF the fluidic resistance of the system,  that is function of the channel cross-section. For a 

channel with a rectangular cross-section, that is the typical condition for the standard microfluidic 

devices, the proportionality, to the first order, is wh
3
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If w << h or h << w, the previous expression can be simplified as follows: 
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From equation (10) the analytic solution for the velocity can be derived by fixing the channel 

cross-section. For a typical microfluidic channel with a rectangular cross-section the expression for 

the velocity is: 
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As we already mentioned, the Hagen-Poiseuille flow is characterized by a parabolic velocity 

profile, in which the velocity of flow in the center of the channel is greater than that toward the outer 

walls. This means that according to the position across the channel a particle experiences different 

velocity values, and therefore different hydrodynamic forces. This is an important aspect that has 

been exploited in several examples of microfluidic devices manipulating cells by hydrodynamic 

forces.  

3. Hydrodynamic Manipulation 

In this section we will discuss the applications of hydrodynamic forces to cell focusing, 

separation, trapping and rotation in microfluidics. 

3.1. Hydrodynamic focusing 

Hydrodynamic focusing can be defined as the confinement of a flow containing target objects 

(cells or particles), known as sample fluid, by another flow, known as sheath fluid [24]. Hence, the 

principle of hydrodynamic focusing is simple: a central sample solution with a low flow rate flows 

within an outer fluid sheath traveling at a higher flow rate. The operation of flow-cytometry is based 

on this method. Generally, the term cytometry refers to a process in which the physical and chemical 

characteristics of a single cell are measured. In flow-cytometry, cells are analyzed as they are 

transported by the sample fluid stream. The flow stream brings cells one by one through an 

interrogation point, where they are illuminated by a light beam. The illuminated cell scatters the light 

with a characteristic directional intensity distribution. Further, fluorescently tagged antibodies are 

often used to mark and identify cells. Both scattered and fluorescent light is measured, providing a 

number of parameters to yield statistics about sample sub-populations. Flow cytometry is routinely 

used in the diagnosis of health disorders, and it has applications in a large number of fields, including 

molecular biology, pathology and immunology. In this wide range of fields, there is the need of 

developing devices that can substitute the traditional flow cytometry instrumentation, reducing costs 

and increasing portability. Lab-on-chip and microfluidic technology allow to automating into a 

hand-held microfluidic chip the complex diagnostic procedures that are normally performed in a 

centralized laboratory. The low Reynolds numbers that characterizes the microfluidic regime, and the 

laminar regime that derives, ensure a good control on the sheath and sample fluid stream. In fact, 

thanks to the laminar flow properties, the two fluids will flow parallel to each other, without mixing. 

This is a key point, since the correct operation of flow-cytometry depends upon a precise control of 

the focused sample stream. In a microfluidic flow-cytometer, this is achieved not only by controlling 

the velocities of the fluids at the inlets, but also by choosing a proper geometry for the microchannels. 

In microfluidics, the biggest effort is required for achieving a three-dimensional hydrodynamic 

focusing, since these novel devices are based on two-dimensional patterns. Therefore, it could result 

not easy to replicate the tree-dimensionality traditionally achieved in standard bench-top 

instrumentations. Several applications of two-dimensional hydrodynamic focusing for cells or 

particles analysis in planar micro-flow cytometers have been proposed [25–28]. The first prototypes 

were based on the configuration in Figure 1b, that is the simplest one to design in the attempt of 

replicating the traditional macro-chamber for hydrodynamic focusing at the micro-scale. In these 

devices, it could happen that cells or particles may not pass the focused stream one by one at the 
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interrogation point. This is because they may be located at different depths in the microchannel, if 

their size is significantly smaller than the channel height. This will affect the detection performance 

of such flow cytometers. This problem is often solved by reducing the height of the channel to the 

range of the mean cell size. This approach could solve the problem, but microchannels clogging can 

easily occurs. A solution is the realization of a microfluidic device that allows 3D focusing. In this 

way, particles are focused in both the horizontal and the vertical directions. Most of the proposed 

solutions are realized by using a multi-layer microfluidic device [29]. Multi-step photolithography 

and assembly protocols have been developed for fabricating these 3D microfluidic structures. 

However, such methods require either tedious assembly of individual components or multiple 

alignments and exposures during mold fabrication, with an increase of the cost and complexity of the 

final devices hindering their applicability. Moreover, such configurations exploit at least two sheath 

fluids to pinch the sample fluid, with the main drawback of requiring multiple inlets. This undesired 

complication strongly limits the exploitation of parallelization [20–32], namely the possibility of 

having more channels working simultaneously. Parallelism is one of the main advantage of 

microfluidics, helping also in overcoming the clogging problems and, at the same time, increasing 

the device throughput. Several solutions to these problems have been proposed, by engineering 

microfluidic devices that allow to hydrodynamically focus cells without needing of a sheath fluid 

region [33]. 

 

Figure 1. (a) Principle of hydrodynamic focusing in traditional flow-cytometry. (b) The 

most common microfluidic 2D pattern for hydrodynamic focusing. 
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Another sheath-less focusing method, that exploit hydrodynamic forces, is the one known as 

inertial focusing [34–38]. The method utilizes the cross-stream particle motion to focus particles into 

one or multiple streams through a microchannel. The first related experiment was performed by 

Segre and Silberberg (1961) [39]. Particles were observed to migrate toward a narrow annulus in a 

centimeter-scale circular pipe as the result of competition among the inertial lift forces acting on 

particles, of which the two dominant ones are the walls lift and the shear-gradient induced lift. This 

condition is achievable for particle motion in laminar microfluidic devices. Inertia-based particle 

focusing offers a very high throughput, which, on one hand, makes this method suitable for 

high-speed applications such as flow cytometry.  

3.2. Hydrodynamic separation 

As discussed in previous sub-section, hydrodynamic focusing has the aim of aligning cells in a 

single stream in order to allow analysis at the single-cell level. However, for some purposes, the 

sample analysis is not sufficient. Indeed, cell separation is a mandatory preliminary step for many 

biological and medical procedures [40]. For examples, in surgery only purified platelets are used for 

transfusion [41]. Similarly, some therapies implies blood treatments for removing bacteria from the 

blood before returning it to the patient. Another important application is related to the isolation of 

stem cells, in order to use them for tissue engineering and disease treatment. Moreover, scientists 

have recently started to focus on the isolation of circulating tumor cells—CTCs. The possibility to 

separate and collect CTCs plays an important role in the study of the biology of the cancer. In fact, it 

is well known that tumor metastasis are the major cause of death in cancer patients. Tumor cells first 

develop in the tissue of the primary tumor, then they can move into the blood and diffuse to other 

parts of the body. Isolation of CTCs could help in understanding the way in which tumor metastasis 

spread through the body. All the wide range of medical applications requiring separation approach 

have brought to the development of several micro-devices for cells or particles separation. The 

conventional label-free approaches for cell separation employ filter-membranes. The efficiency of 

the method is strongly limited by pores clogging [42]. Microfluidics gives the possibility of thinking 

to novel functional tools for cell separation, by reducing the analysis time, increasing the sensitivity, 

and at the same time, reducing the sample volumes. Moreover, the hydrodynamic characteristics of 

the fluid flow at the microscale, and the high flexibility in the channel design offered by 

micro-fabrication techniques, allow to obtain high efficient separations by only exploiting 

hydrodynamic effects. A separation method is based on the principle known as deterministic lateral 

displacement (DLD) [43,44]. The method employs arrays of pillars placed in a microchannel. The 

distance among the pillars is tailored according to the size of the cells or particles that have to be 

sorted. The pattern of the array determines the displacement of cells or particles. Indeed, in the 

design phase, according to the pillars position, the pathway that will be followed by cells or particles 

can be predicted. However, the pillars configuration brings to the creation of narrow areas, by 

increasing the possibility of channel obstructions. Several works showed the capability of the 

approach in selecting cells by their size both with rigid and deformable cells [45]. Other proposed 

devices are based on the field-flow fractionation (FFF) technique [46,47,48]. As we reported in the 

theoretical section, in a microfluidic devices, with a pressure driven flow, the velocity has a parabolic 

profile. This means that the velocity reaches the highest value at the center of the channel, and the 

minimum ones close to the channel walls. The velocity gradient implies that according to the particle 
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or cell size, they will experience different velocities and, therefore different retention time. Hence, 

FFF is like an elution technique, where separation is obtained thanks to different retention achieved 

in microchannels (similar to the principle of the most common chromatography techniques). Beside 

this method, pinched flow fractionation (PFF) is another hydrodynamic separation technique which 

exploits the effect of the flow on cells or particles having different sizes [49,50]. A micro-device for 

PFF has two inlets, one for the sample fluid, and the other for the sheath fluid. The two inlets merge 

into a narrow channel that then opens into a broader one. The width of the narrow channel is in the 

cells or particles size range, whilst the broader one can be even 100 times wider. The separation 

effect is achieved by controlling the ratio between the sheath and the sample flow rate in order to get 

cells at one of the sidewall of the narrow channel. As for FFF, smaller cells will get closer to the 

channel walls with respect to bigger cells. In this way, as cells pass from the narrow to the broader 

channel, they will follow different pathways according to their size, and therefore they could be 

directed to different outlets to achieve separation.  

 

Figure 2. Operation principle for the hydrodynamic separation methods based on (a) 

deterministic lateral displacement (DLD), (b) flow-field fractionation (FFF), and (c) 

pinched flow fractionation (PFF). 

As already discussed in the section dedicated to hydrodynamic focusing, inertial forces can be 

exploited in order to manipulate cell direction [51,52,53]. Indeed, when the velocity of the flow 

increases, the effect of lift forces becomes significant [54]. In particular, by choosing the right fluid 

flow, and the right geometry for the channel, the balance between the shear-induced force and the 
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wall-lift induced force can be used for inducing cell separation, since the equilibrium positions will 

depend upon the cells size. 

3.3. Hydrodynamic trapping 

In medicine and biology, traditional measurement methods are only able to provide information 

that are related to the average characteristics of the population under analysis, while there is an 

increasing interest in technologies that could perform single cell analysis. Cell trapping methods 

exploiting hydrodynamic forces allow in principle complete characterizations of individual cells 

from a suspension. The microfluidic technique, also called hydrodynamic tweezers, requires a 

complete analysis of the fluid forces that contribute to the cell motion. Microchannels have to be 

shaped in order to create stagnation points, in which cells tend to stop. Several solutions for trapping 

cells without using external forces or fields have been proposed. One of these consists in the 

introduction of micro-sieves into the channel [55,56]. Each micro-sieve acts as a trap for a single cell. 

In another approach, trapping sites are inserted laterally to the main fluidic channel. Cells or particles 

are moved to the trapping area thanks to the forces exerted by the fluid. This is achieved by tuning 

the velocity of the flow at an optimum value, and by also choosing the proper design for the 

channel geometry [57,58]. In another approach, an oscillating micro-tool is introduced in the 

fluidic channel [59], and the trapping effect is achieved thanks to the oscillation generated into the 

fluid. Recently, a different approach based on the investigation of the hydraulic resistances of the 

channels has been proposed [60]. Cells flowing through the main channel, with a resistance Rhmain, 

tends to move to the trapping site, with a resistance Rhtrap. The ratio between Rhmain/Rhtrap determines 

the efficiency of the trap.  

3.4. Hydrodynamic rotation 

Microfluidic technology has led to significant improvements in biology and medicine research. 

Indeed, with microfluidic systems it is possible microfluidics to image cells while they are in their 

three-dimensional shape. This is a great breakthrough, if we consider that traditionally cells are 

compressed on a glass-slide when they are analyzed at the microscope. However, in microfluidics 

there is still a limitation, since in some cases only one side of each cell will be facing the observation 

point of view. In order to avoid a lack in information, a possible solution is to investigate the 

possibility to induce cell rotation. This can be achieved by taking advantage of the effects induced by 

a shear flow on flowing cells or particles. The effect of a shear flow on spherical and asymmetrical 

particles has been extensively studied, and the theoretical models describing all the phenomena have 

been formulated [61,62,63]. In basic shear flows, such as Couette flow and Poiseuille flow, buoyant 

particles undergo fluid forces, and therefore rotation is observed. The type of motion depends upon 

the properties of the particles, of the fluid and of the flow. Indeed, the motion induced will be different 

in the case of symmetrical or asymmetrical particles, or for less or more viscous fluids [64,65]. 

Moreover, different velocities of the flow will generate different rotational effects. Several works 

have studied theoretically, numerically and experimentally, the phenomena in different conditions. 

Some of them have analyzed particle rotation in a 2D Poiseuille flow [66]. The motion of ellipsoidal 

particles in a shear flow has been also studied [67,68]. In addition, the motion of sub-micrometer 

particles has been investigated by taking in consideration the Brownian effect [69]. Microfluidic 
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regime is characterized by a low Reynolds number, where particle and fluid inertia are negligible. 

The rotation induced on a particle flowing through a microchannel will follow the so called Jeffrey 

orbits [61,70]. Several devices for inducing cell rotation by only exploiting hydrodynamic effects 

have been proposed. 

 

Figure 3. Principle of hydrodynamic rotation based on (a) micro-vortex and (b) velocity 

gradient in a Poiseuille flow. 

In one of the proposed devices, single cell and micro-particle rotation have been achieved using 

the concept of micro-vortices, which relies on the creation of a recirculating flow profile [71]. In a 

similar approach micro-vortices are generated by fabricating channels with diamond-shape side 

chambers [72,73]. Other works focused on the possibility of inducing cell rotation in a Poiseuille 

flow [74,75,76]. These approaches started from the consideration that in microfluidics, for a pressure 

driven flow, the velocity has a parabolic profile. Therefore, particles or cells close to a channel wall 

will experience a velocity gradient, and a torque will be induced on them. Configurations using a 

multiple inlets geometry are, in particular, effective in controlling cells path and, therefore, their 

angular velocities. 

4. Conclusions 

In the last twenty years, microfluidic technology has shown high potentiality in the development 

of powerful devices for improving cell analysis. Microfluidics offers a set of effective tools for 

studying biology. It reduces the time and cost of common bioanalytical assays, and enables 

single-cell level studies. An important class of applications concerns cell manipulation, employing 

hydrodynamical, magnetical, optical, mechanical, and electrical forces. These techniques can be used 

for focusing, separation, trapping and rotation of biological samples. In this paper we have focused 

our attention on the methods that exploit only hydrodynamic forces. This approach has the advantage 

of simplifying the chip fabrication, since there is no need of introducing additional elements, such as 

electrodes or magnetic components. At the same time, undesired effects on the biological sample are 

avoided. In the section dedicated to the theory, we have reported the relevant equations, and the 

forces, that have to be taken into account in the design of a microfluidic device for cells or particles 

manipulationby means of hydrodynamic forces. Then, we have presented an overview on how 

hydrodynamic forces have been employed for focusing, separation, trapping and rotation. 



188 

AIMS Biophysics  Volume 4, Issue 2, 178-191. 

Conflict of Interest 

The authors declare no conflict of interest. 

References 

1. Gravesen P, Branebjerg J, Jensen OS (1993) Microfluidics—A review. J Mioromech Microeng 3: 

168–182. 

2. Stone HA, Stroock AD, Ajdari A (2004) Engineering flows in small devices: microfluidics 

toward a lab-on-a-chip. Annu Rev Fluid Mech 36: 381–411. 

3. McDonald JC, Whitesides GM (2002) Poly(dimethylsiloxane) as a material for fabricating 

microfluidic devices. Acc Chem Res 35: 491–499. 

4. Whitesides GM, Ostuni E, Takayama S, et al. (2001) Soft lithography in biology and 

biochemistry. Annu Rev Biomed Eng 3: 335–373. 

5. Kamei K, MashimoY, Koyama Y, et al. (2015) 3D printing of soft lithography mold for rapid 

production of polydimethylsiloxane-based microfluidic devices for cell stimulation with 

concentration gradients. Biomed Microdevices 17: 36. 

6. Dua G, Fanga Q, den Toonderb JMJ (2016) Microfluidics for cell-based high throughput 

screening platforms—A review. Analytica Chimica Acta 903: 36–50. 

7. Duncombe TA, Tentori AM, Herr AE (2015) Microfluidics: reframing biological enquiry. Nat 

Rev Mol Cell Bio 16: 554–567. 

8. Sackmann EK, Fulton AL, Beebe DJ (2014) The present and future role of microfluidics in 

biomedical research. Nature 507: 181–189. 

9. Yun H, Kim K, Lee WG (2013) Cell manipulation in microfluidics. Biofabrication 5: 022001. 

10. Mu X, Zheng W, Sun J, et al. (2013) Microfluidics for manipulating cells. Small 9: 9–21. 

11. Chau LH, Liang W, Cheung FWK, et al. (2013) Self-rotation of cells in an irrotational AC 

E-field in an opto-electrokinetics chip. PLoS One 8: e51577. 

12. Shafiee H, Caldwell JL, Sano MB, et al. (2009) Contactless dielectrophoresis: A new technique 

for cell manipulation. Biomed Microdevices 11: 997–1006. 

13. Benhal P, Chase JG, Gaynor P, et al. (2014) AC electric field induced dipole-based on-chip 3D 

cell rotation. Lab Chip 14: 2717–2727. 

14. Ashkin A, Dziedzic JM (1971) Optical levitation by radiation pressure. Appl Phys Lett 19: 283–

285. 

15. Grier DG (2003) A revolution in optical manipulation. Nature 424: 810–816. 

16. Guck J, Ananthakrishnan R, Mahmood H, et al. (2002) Stretching biological cells with light. J 

Phys Condens Matter 14: 4843–4856.  

17. Sraj I, Eggleton CD, Jimenez R, et al. (2010) Cell deformation cytometry using diode-bar optical 

stretchers. J Biomed Opt 15: 047010. 

18. Bruus H (2011) Acoustofluidics 1: Governing equations in microfluidics. Lab Chip 11: 3742–

3751. 

19. Yasuda K, Umemura S, Takeda K (1995) Concentration and fractionation of small particles in 

liquid by ultrasound. Jpn J Appl Phys 34: 2715–2720. 

20. Pamme N (2006) Magnetism and microfluidics. Lab Chip 6: 24–38. 



189 

AIMS Biophysics  Volume 4, Issue 2, 178-191. 

21. Karimi A, Yazdi S, Ardekani AM (2013) Hydrodynamic mechanisms of cell and particle 

trapping in microfluidics. Biomicrofluidics 7: 021501. 

22. Bruus H, (2008) Theoretical microfluidics (Oxford master series in physics), 1 Eds., New York: 

Oxford University Press. 

23. Brody JP, Yager P, Goldstein RE, et al. (1996) Biotechnology at low reynolds numbers. Biophys 

J 71: 3430–3441.  

24. Shapiro HM, (2005) Practical flow cytometry, 4 Eds., New York: Wiley-Liss. 

25. Huh D, Gu W, Kamotani Y, et al. (2005) Microfluidics for flow cytometric analysis of cells and 

particles. Physiol Meas 26: R73. 

26. Chung TD, Kim HC (2007) Recent advances in miniaturized microfluidic flow cytometry for 

clinical use. Electrophoresis 28: 4511–4520. 

27. Ateya DA, Erickson JS, Howell PB, et al. (2008) The good, the bad, and the tiny: a review of 

microflow cytometry. Anal Bioanal Chem 391: 1485–1498. 

28. Godin J, Chen CH, Cho SH (2008) Microfluidics and photonics for Bio-System-on-a-Chip: A 

review of advancements in technology towards a microfluidic flow cytometry chip. J Biophoton 

1: 355–376. 

29. Watkins N, Venkatesan BM, Toner M, et al. (2009) A robust electrical microcytometer with 

3-dimensional hydrofocusing. Lab Chip 9: 3177–3184. 

30. Schonbrun E, Gorthi S, Schaak D (2012) Microfabricated multiple field of view imaging flow 

cytometry. Lab Chip 12: 268–273. 

31. Hur SC, Tse HTK, Di Carlo D (2010) Sheathless inertial cell ordering for extreme throughput 

flow cytometry. Lab on a Chip 10: 274–280. 

32. Hur SC, Mach AJ, Di Carlo D (2011) High-throughput size-based rare cell enrichment using 

microscale vortices. Biomicrofluidics 5: 022206. 

33. Torino S, Iodice M, Rendina I, et al. (2015) Hydrodynamic self-focusing in a parallel 

microfluidic device through cross-filtration. Biomicrofluidics 9: 064107. 

34. Zhang J, Yan S, Yuan D, et al. (2016) Fundamentals and applications of inertial microfluidics: A 

review. Lab Chip 16: 10–34. 

35. Warkiani ME, Tay AKP, Khoo BL (2015) Malaria detection using inertial microfluidics. Lab 

Chip 15: 1101–1109. 

36. Di Carlo D (2009) Inertial microfluidics. Lab Chip 9: 3038–3046.  

37. Kuntaegowdanahalli SS, Bhagat AAS, Kumar G, et al. (2009) Inertial microfluidics for 

continuous particle separation in spiral microchannels. Lab Chip 9: 2973–2980. 

38. Bhagat AAS, Kuntaegowdanahalli SS, Kaval N, et al. (2010) Inertial microfluidics for 

sheath-less high-throughput flow cytometry. Biomed Microdevices 12: 187–195. 

39. Segré G, Silberberg A (1961) Radial particle displacements in poiseuille flow of suspensions. 

Nature 189: 209–210. 

40. Recktenwald D, Radbruch A, (1998) Cell separation methods and applications, New York: 

Marcel Dekker, Inc. 

41. Sethu P, Sin A, Toner M (2006) Microfluidic diffusive filter for apheresis (leukapheresis). Lab 

Chip 6: 83–89. 

42. Foley G (2006) A review of factors affecting filter cake properties in dead-end microfiltration of 

microbial suspensions. J Membr Sci 274: 38–46. 



190 

AIMS Biophysics  Volume 4, Issue 2, 178-191. 

43. Huang LR, Cox EC, Austin RH, et al. (2004) Continuous particle separation through 

deterministic lateral displacement. Science 304: 987–990. 

44. Holm SH, Beech JP, Barrett MP, et al. (2011) Separation of parasites from human blood using 

deterministic lateral displacement. Lab Chip 11: 1326–1332. 

45. Lee W, Tseng P, Di Carlo D, (2017) Microtechnology for cell manipulation and sorting, Springer 

International Publishing. 

46. Giddings JC (1993) Field-flow fractionation: analysis of macromolecular, colloidal, and 

particulate materials. Science 260: 1456. 

47. Huang Y, Yang Y, Wang XB, et al. (2004) The removal of human breast cancer cells from 

hematopoietic CD34+ stem cells by dielectrophoretic field-flow-fractionation. J Hematoth Stem 

Cell 8: 481–490. 

48. Vykoukal J, Vykoukal DM, Freyberg S, et al. (2008) Enrichment of putative stem cells from 

adipose tissue using dielectrophoretic field-flow fractionation. Lab Chip 8: 1386–1393. 

49. Yamada M, Nakashima M, Seki M (2004) Pinched flow fractionation:  continuous size 

separation of particles utilizing a laminar flow profile in a pinched microchannel. Anal Chem 76: 

5465–5471. 

50. Vig AL, Kristensen A (2008) Separation enhancement in pinched flow fractionation. Appl Phys 

Lett 93: 203507. 

51. Di Carlo D, Edd JF, Irimia D, et al. (2008) Equilibrium separation and filtration of particles using 

differential inertial focusing. Anal Chem 80: 2204–2211. 

52. Kuntaegowdanahalli SS, Bhagat AAS, Kumar G, et al. (2009) Inertial microfluidics for 

continuous particle separation in spiral microchannels. Lab Chip 9: 2973–2980. 

53. Wu Z, Willing B, Bjerketorp J, et al. (2009) Soft inertial microfluidics for high throughput 

separation of bacteria from human blood cells. Lab Chip 9: 1193–1199. 

54. Park JS, Song SH, Jung HI (2009) Continuous focusing of microparticles using inertial lift force 

and vorticity via multi-orifice microfluidic channels. Lab Chip 9: 939–948. 

55. Di Carlo D, Aghdam N, Lee LP (2006) Single-cell enzyme concentrations, kinetics, and 

inhibition analysis using high-density hydrodynamic cell isolation arrays. Anal Chem 78: 4925–

4930. 

56. Yue W, Li CW, Xu T, et al. (2011) Integrated sieving microstructures on microchannels for 

biological cell trapping and droplet formation. Lab Chip 11: 3352–3355. 

57. Yun H, Hur SJC (2013) Sequential multi-molecule delivery using vortex-assisted electroporation. 

Lab Chip 13: 2764–2772. 

58. Chung K, Rivet CA, Kemp ML, et al. (2011) Imaging single-cell signaling dynamics with a 

deterministic high-density single-cell trap array. Anal Chem 83: 7044–7052. 

59. Hagiwara M, Kawahara T, Arai F (2012) Local streamline generation by mechanical oscillation 

in a microfluidic chip for noncontact cell manipulations. Appl Phys Lett 101: 074102. 

60. Khalili AA, Ahmad MR, Takeuchi M, et al. (2015) A microfluidic device for hydrodynamic 

trapping and manipulation platform of a single biological cell. Appl Sci 6: 40. 

61. Jefferey JB (1992) The motion of ellipsoidal particles immersed in a viscous fluid. Proc Royal 

Soc A 102: 161–179. 

62. Saffman PG (1965) The lift on a small sphere in a slow shear flow. J Fluid Mech 22: 385–400. 

63. Bretherton FP (1962) The motion of rigid particles in a shear flow at low Reynolds number. J 

Fluid Mech 14: 284–304. 



191 

AIMS Biophysics  Volume 4, Issue 2, 178-191. 

64. Arbaret L, Mancktelow NS, Burg JP (2001) Effect of shape and orientation on rigid particle 

rotation and matrix deformation in simple shear flow. J Struct Geol 23: 113–125. 

65. Lael LG (1980) Particle motion in a viscous fluid. Ann Rev Fluid Mech 12: 435–476. 

66. Gallily I, Eisner AD (1979) On the orderly nature of the motion of nonspherical aerosol particles. 

I. Deposition from a laminar flow. J Colloid Interface Sci 68: 320–337. 

67. Fan FG, Ahmadi G (1995) A sublayer model for wall deposition of ellipsoidal particles in 

turbulent streams. J Aerosol Sci 26: 813–840. 

68. Yin C, Rosendahl L, Kær SK, et al. (2003) Modelling the motion of cylindrical particles in a 

nonuniform flow. Chem Eng Sci 58: 3489–3498. 

69. Batchelor GK (1977) The effect of Brownian motion on the bulk stress in a suspension of 

spherical particles. J Fluid Mech 83: 97–117. 

70. Ingber MS, Mondy LA (1994) A numerical study of three-dimensional Jeffery orbits in shear 

flow. J Rheol 38: 1829. 

71. Shelbya JP, Chiu DT (2004) Controlled rotation of biological micro- and nano-particles in 

microvortices. Lab Chip 4: 168–170. 

72. Lim DSW, Shelby JP, Kuo JS, et al. (2003) Dynamic formation of ring-shaped patterns of 

colloidal particles in microfluidic systems. Appl Phys Lett 83: 1145. 

73. Zhou J, Kasper S, Papautsky I (2013) Enhanced size-dependent trapping of particles using 

microvortices. Microfluid Nanofluid 15: 611–623. 

74. Torino S, Iodice M, Rendina I, et al. (2016) A microfluidic approach for inducing cell rotation by 

means of hydrodynamic forces. Sensors 16: 1326. 

75. Zheng M, Shan JW, Lin H (2016) Hydrodynamically controlled cell rotation in an 

electroporation microchip to circumferentially deliver molecules into single cells. Microfluid 

Nanofluid 20: 16. 

76. Kolb T, Albert S, Haug M, et al. (2015) Optofluidic rotation of living cells for single-cell 

tomography. J Biophotonics 8: 239–246. 

 

© 2017 Stefania Torino, et al., licensee AIMS Press. This is an open 

access article distributed under the terms of the Creative Commons 

Attribution License (http://creativecommons.org/licenses/by/4.0) 


