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Abstract: The fast development of microfluidics opened a wide range of possibilites 

in the development of point-of-care microdevices working as diagnostic tools, the 

so-called lab-on-chips. However, there are still obstacles to overcome to devise 

effective lab-on-chips, which are strongly related to the lack of knwoledge of the fluid 

dynamics and heat transfer characteristics of the biological fluids to be analyzed. On 

the other hand, these point-of-care technologies should be as simple and portable as 

possible, so that using particular flow characteristics as biomarkers could be an 

important breakthrough towards the development of these systems. Moreover, the 

samples and reagents should be used in minimal quantities, so new designs alternative 

to microchannel closed configurations are advatageous and may significantly allow a 

more accurate control of the reactions. In this context the present paper explores the 

fluid dynamics and heat transfer processes occurring in biofluid droplets, subjected to 

various external actuations in the modeling and description of diverse pathologies. 

This analysis is then used to identify relevant parameters that could be used as 

biomarkers in clinical diagnostic tools. Finally suggestions are made to implement 

these potential biomarkers in alternative lab-on-chip configurations, pliable to be 

implemented in point-of care-diagnostics. 
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1  Introduction  

Innovative diagnostic tools are vital for an accurate, early and prompt identification of 

many diseases, which may save the life of the patients, or at least improve their life 

quality. For instance, infectious diseases are the primary cause of death in developing 

countries, in which portable and simple diagnostic systems are required. In this 

context, the World Health Organization has established a number of main guidelines 

to the development of diagnostic tools for infectious diseases at resource-limited 

settings
[1-3]

. Hence these systems should be: i) affordable, ii) sensitive, iii) specific, iv) 

user friendly, v) rapid and robust, vi) equipment free and vii) delivered to those who 

need it. Point-of-care diagnostics can cope with all of the aforementioned guidelines. 

The desired characteristics of point-of-care technologies comprise
4
: i) disposability, ii) 

cost effectiveness, iii) easy to use and iv) portability. These characteristics require 

handling with a very small amount of fluids (also to protect the end-user from 

exposure and contact with the biosamples) which in turn can be achieved by 
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micro-and nano devices, that have been a hot topic for research within the last decade 

(e.g. the so-called lab-on-chip devices). Such microfluidic devices actually offer a 

wide range of assay possibilities in diagnostics and bioanalytical applications, 

showing a strong potential to be used also in the point-of-care diagnostics of various 

tumors
[5-6]

, liver pathologies such as hepatitis and even problems during gestation
[7-8]

. 

Many of these systems are based on the flow of biofluids inside microchannels, but 

there are several difficulties in their implementation given the complex composition 

and different dimensional scale of the components of interest to be analyzed. Also, they 

often require complex microchannel geometries, difficult to build and maintain. In 

these systems, several particular flow properties are assumed, (e.g. laminar flow with 

low Reynolds number) which cannot be always assured in this kind of complex 

geometries
[6]

. Hence, alternative schemes are required to transport the biosamples, for 

instance single droplet-based systems, in which the biosample is transported inside 

small liquid droplets which are actuated based on electrostatic actuation on an open 

configuration chip
[9-11]

. 

A detailed characterization and adequate control of the biofuid flows is still missing in 

both configurations. Particularly, state-of-the art droplet-based systems are still in very 

early stages of development, since several issues related to the droplet dynamics and to 

the bio-electrochemical properties of the biosamples, which preclude an accurate 

control of droplet motion, must still be derived. In addition, particular effects, namely 

secondary flow inside the droplet induced by the electrical field
[12-13]

, specific 

migration processes of the biosamples inside the droplets and contamination of the 

surfaces
[14-15]

, which affects the local wettability and therefore the droplet motion and 

fluid dynamics, as well as evaporative effects at liquid-surface interface, need to be 

further studied and accurately described to allow the development of an effective 

microfluidic lab-on-a-chip system. 

Several of the current diagnostic tests depend on fractionated blood components for cell 

counting, separation and sorting and additional cleaning for an accurate 

diagnostics
[6,16-17]

, as many of them rely on chemical biomarkers. However, biophysical 

markers based on the description of particular morphological and mechanical 

properties of cells have been still sparsely explored, although they have a high 

potential to be used in diagnostic free label systems, particularly for the early 

detection of inflammation and rare tumors, for which there is still no consensus on the 

biomarkers to use
[6]

. This potential can be further extended to the characterization of 

bioflows. For instance, it is known that important progresses in understanding and 

preventing ischemic heart disease (stroke) have been achieved from the 

characterization of the flow patterns and shear stress distribution in biomimetic 

models of healthy and stenosed (constricted) arteries
[18]

. More recently, particular 

ranges of the power law constants of blood are proposed to be related to leukemia
[19-20]

. 

On the other hand, specific phenomenon such as the evaporation of biofluids (e.g. 

droplets of blood serum) leads to coherent patterns with quite well-defined morphology 

that can be related with diseases such as diabetes, breast cancer or hepatitis
[8]

. This idea 

was early suggested in the 1090’s, but was never explored as a diagnostic technique.  

In this context, this paper revises state-of-the-art approaches used in the development of 



microfluidic diagnostic systems, particularly focusing on those addressing biophysical 

markers based on mechanical properties and on the characterization of bioflows. Given 

that extensive work has been performed on bioflows in channels and micro-channels
[21] 

the present paper emphasizes more unusual flows, based on droplet dynamics, which 

can be used to understand particular pathologies. Following this discussion, several 

examples are provided to use such flow characteristics in diagnostic applications, 

namely as potential biomarkers. Finally, alternative lab-on-chip configurations are 

suggested, pliable to be implemented in point of care diagnostics.  

 

2 Droplet dynamics of biofluids for biomedical applications 

The dynamic behavior of biofluid droplets has mainly been addressed to describe the 

hydrodynamics of leukocytes
[22,23]

 and in applications of the so-called cell printing 

method to produce biomaterials and reproduce living tissues
[24-25]

. The common 

interest in both applications is describing droplet deformation and accessing 

accurately the rheological properties of the flow inside the droplet, which commonly 

has non-Newtonian characteristics. Furthermore, in both cases, the cells are very 

sensitive to shear stresses
[26]

, so that the accurate description of the flow inside the 

droplets is vital to assure the viability of the cells, particularly in experimental 

approaches. Although erythrocytes are mostly responsible for the particular 

rheological properties of blood, (shear-thinning) leukocytes are much larger and 

stiffer, being their presence critical to the fluid dynamics in the peripheral blood 

vessels, whose diameters are comparable to the size of these cells. Giving their role of 

defense in fighting diseases, the leukocytes must often navigate through these narrow 

vessels. Being difficult to deform, but easily adherent to the vessel walls, these cells 

can lead to microvessels clogging and consequent severe events such as ischemic 

strokes
[23]

. Leukocytes agglomeration and adhesion also plays a vital role in the 

formation of plaques in the major arteries
[22,27]

 and their adhesion and consequent 

embolization may cause serious consequences in patients under trauma, such as organ 

loss
[23,28]

. Solving these issues requires an accurate description of the leukocyte 

dynamic behaviour and particularly its deformation mechanisms. From the 

experimental point of view, micropipette manipulation techniques or recovery 

techniques (in which the cell is aspired instead of being transported within a flow, to 

decrease the occurrence of cell adhesion) have extensively been used to evaluate the 

mechanical properties of the leukocytes, based on Newtonian and non-Newtonian 

drop models
[22,23]

. Theoretical models have also been developed, as exhaustively 

described by Ref [23], but they mainly fail in accurately including the non-Newtonian 

effects and the cell structure. In this context, Ref [22,23] where able to successfully 

describe the hydrodynamics of leukocytes based on the comparison with the dynamic 

behaviour of compound droplets.  

While for leukocyte modeling, the most crucial issues are related to the flow inside 

the droplet (exception made to the rheological properties which also depend on the 

flow around the cells
[22]

), rapid fabrication of biomaterials, tissues or organ analogs 

with well-defined structures, must consider the fluid dynamics inside the droplet, to 

evaluate the shear stress and assure the viability of the cells, but it must also account 



with the possible outcomes from droplet impact, as this method requires a very 

accurate deposition for cell positioning. If particular impact conditions are taken, an 

inkjet printer can be used to eject living cells directly
[29,30]

, allowing up to 90% of the 

printing cells to survive
[30]

 and to develop and grow, following a healthy cell 

morphology
[24]

. Moreover, neural cells are shown to maintain basic cellular properties 

and functions, including normal, healthy neuronal phenotypes and 

electrophysiological characteristics, after being printed
[24]

. To determine these optimal 

impact conditions, one must understand the basic droplet impact dynamics for 

Newtonian and non-Newtonian fluids, as briefly revised in the following sub-section.
 

 

2.1 Droplet dynamics of biofluids 

Considering the simplest case possible, the dynamic behaviour of a Newtonian droplet 

on a rigid solid surface is already a very complex phenomenon, which depends on the 

relative magnitude of the forces acting on the droplet, mainly inertial, surface tension 

and viscous forces. However, the impact outcome is also strongly related to the 

boundary conditions at the droplet-surface interface defined by wettability, surface 

topography, surface temperature and thermal properties. The magnitude of the forces 

acting on the droplet can be related in various representative non dimensional numbers, 

as identified in Table 1. 

 

Table 1 Most relevant dimensionless numbers used in the analysis of droplet/(cold) 

surface interactions. ,  and  stand for the specific mass, dynamic viscosity and 

surface tension of the liquid, respectively and g is the gravitational acceleration 

constant.     
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The capillary number Ca is a vital parameter to model leucocytes deformation and 

predict the time required for these cells to recover their shape. Hence, higher capillary 

numbers (Ca>0.35) are associated to a large rate of cell stretching, for which the shell 

of the cell assumes a sharper shape
[22]

. It is worth mentioning that Ref [22] mainly 

associates this behaviour to a viscosity governed effect and to the fact that the shell and 

core of the cell have diverse rheological properties. However, this is the typical 



behaviour of a compound droplet
 
obtained, for instance, using water as inner fluid and 

oil as shell, despite for the compound droplets, the surface tension effects are dominant. 

Looking now at the cell printing (which can be obtained with compound droplets or 

homogeneous solutions, as used in many cell suspensions), depending on the impact 

conditions (boundary conditions and non-dimensional numbers) several outcomes may 

result from droplet impact, which can be revised based on their characteristic time scale 

and/or depending on the impact energy
[31]

. Hence, three main outcomes are identified, 

namely stick and spread, disintegration (often named “splash”) and rebound. The 

spread typically occurs within tens of milliseconds for relatively low impact energy, for 

which inertial forces cannot overcome the cohesive effects of the surface tension. For a 

critical impact velocity, associated to high impact energy, the cohesion of the droplet is 

overcome and it quickly disintegrates into small secondary droplets. This outcome, 

called prompt splash occurs a few micro-to-milliseconds after impact and should not 

occur for any of the aforementioned applications. Surface topography is known to 

decrease the magnitude of the critical impact velocity for the occurrence of prompt 

splash. However, the surface wettability can also promote different disintegration 

mechanisms. For instance, for liquids with very small surface tension, the so-called 

dewetting velocity is reached within the first micro-seconds after impact, leading to the 

corona splash
[32,33]

. A corona splash is also often observed for droplets impacting onto 

wetted surfaces, but the mechanisms of crown formation as described for instance by 

Ref [34] are different from those observed at impacts on dry surfaces, which are 

governed by aerodynamic forces
[32,35-36]

. During droplet spreading, surface wettability 

and topography may also contribute to the formation of axial instabilities giving rise to 

the so-called fingers, which may disrupt from the expanding droplet
[32]

. Alternatively, 

as the spreading droplet attains its maximum extent and recoils due to the excess of 

surface energy, such particular wetting and topographical properties may lead to the 

disruption of the fingers during recoil
[33]

. Particular wetting conditions are also required 

for the occurrence of rebound, which has a large characteristic time scale. In this case 

the wettability limits the contact of the droplet with the surface, the pinning of the 

contact line and the energy dissipation during spread and recoil, so the liquid bulk at the 

end of recoil has still enough surface energy to promote the detachment (total or partial) 

of the droplet from the surface.  

Due to the intricate interdependence between several parameters, establishing the 

critical conditions for the occurrence of each of the aforementioned phenomena is a 

difficult task, which is not completed yet
[31,37]

. Most of the authors consider critical 

Weber numbers or correlations between the Weber and the Reynolds numbers, usually 

derived based on the critical impact velocity (e.g. to establish the limits between 

spreading/disintegration), but many of these relations are redundant and do not account 

for the effect of wettability and for the co-existence of different disintegration 

mechanisms
[31]

.  

For the applications revised here and particularly for the cell printing, an additional 

effect must be considered, i.e. the fact that the substrates are not rigid. Hence, while 

for rigid surfaces the critical condition for the occurrence of rebound depends on the 

excess of energy available during recoiling subtracted by the energy dissipated during 



droplet motion, when the surface is not rigid, the deformation of the substrate acts as 

an additional dissipation term
[38]

, so the hysteresis is a function of the impact velocity 

and the deformation and eventual rebound of the droplet are affected by this 

additional term
[39]

. Hence, an alternative criterion establishing critical conditions for 

the occurrence of rebound is suggested by Ref [40]. These authors determine the 

so-called restitution coefficient, which is mainly the ratio between the incoming 

droplets with diameter D0 (V0U0) to that of the rebounding droplets with diameter dr 

(VrUr), as illustrated in Figure 1, to determine the critical conditions for the 

occurrence of rebound for droplets impacting on biomimetic replicas (Figure 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Definition of the restitution coefficient and identification of the main 

parameters.  is the specific mass of the liquid, V0 and U0 represent the volume and the 

incoming velocity of the impacting droplets and the Vr and Ur are the volume and 

velocity of the rebound droplets. 

 

This approach could also be considered in cell printing applications, to avoid the 

occurrence of rebound during the printing process. The critical velocities are strictly 

related with the critical conditions for the occurrence of pinning of the contact line, 

which in turn and following the discussion in the previous paragraphs is a function of 

the surface topography. This dependence is illustrated in Figure 3, where the surface 

topography quantified by the mean surface roughness, is made non-dimensional with 

the initial droplet diameter. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Illustration of the use of the restitution coefficient as a criterion establishing 

limiting conditions for the occurrence of rebound/spread. Here, both rigid and non-rigid 

surfaces are considered. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Critical velocity for the occurrence of contact line pinning. 
 

Still in the context of cell printing, besides establishing the critical conditions to avoid 

droplet disintegration and/or rebound, spreading is the most relevant phenomenon for 

the accurate deposition of the cells. Furthermore, the experimental data concerning 

the viability of the droplets can be correlated to the spreading motion, so that impact 

conditions to assure the viability of the cells can be described using characteristic 

Weber and Reynolds numbers. This approach was performed by Ref [25], who 

performed a computation study on the impact and spreading of a compound droplet, 

which was experimentally validated with the impact of water and glycerin droplets. 

The reasoning of this approach must be followed by describing the spreading process 

in detail. Hence, after droplet impact, a liquid film called lamella is created, which 

spreads and flows symmetrically and radially over the surface, around the stagnation 

point formed at the point of impact (spreading phase). The first stage when the 

lamella is ejected is called the kinematic phase, being governed by inertial forces. 

0.00150.00200.00250.00300.00350.00400.00450.0050

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

 

 

 Yong and Bhushan (2008)

 Replica rose petal

 Replica clover leaf

 Rose petal

 Clover leaf

U
c
ri

t 
[m

/s
]

Ra/D0



Maximum droplet diameter is achieved as the inertial forces are balanced by viscous 

and surface tension forces. Afterwards, the excess of surface energy leads the liquid to 

recoil back to the central region (recoiling phase). The droplet then may oscillate 

between various shorter spreading and receding cycles, until achieving equilibrium. 

The entire process is illustrated in Figure 4. t=0ms corresponds to the instant in which 

the droplet contacts the surface. In many of these studies, the spreading diameter is 

often made non-dimensional by the initial droplet diameter (this is the so-called 

spreading factor d(t)/D0) and the time is made dimensional with the initial diameter 

and impact velocity, =t/(D0/U0). 

 

Figure 4 Temporal evolution of the spreading diameter d(t) during the entire 

deformation process of an impacting droplet. The droplet has an initial diameter of 

D0=3.0mm and impacts the surface at U0=1.4m/s. 

 

Modelling this mechanism is not an easy task, so most approaches reported in the 

literature use energy balances to derive semi-empirical relations to predict the 

spreading diameter, or more usually the maximum spreading diameter. Neglecting the 

variation of the potential energy, the energy balance is mainly a function of the kinetic 

and surface energy before impact and at the instant of the maximum extent of the 

lamella. Energy dissipated by viscous effects is also considered, but the dissipation at 

the contact line associated to the liquid (or biocomponents) adhesion to the surface is 

not addressed. This issue is therefore discussed in subsection 2.1.1.   

Major differences between the various existing models lay in the assumptions 

regarding the shape of the lamella, the estimation of the kinetic energy and the 

viscous dissipation and in the way to account for wetability effects. Regarding the 

shape of the lamella, the majority of the existing models approximate the lamella to a 



cylindrical disk with instantaneous diameter. Exceptions to this rule are proposed for 

instance by Ref [41], who assume a more complex shape, in which the lamella is a 

thin film bounded by a thicker rim. Despite recognizing the limitations of 

approximating the lamella to a simple cylindrical shape (e.g. Ref [42]), many authors 

prefer to adopt this approximation for the sake of calculation simplicity. Also, most of 

these models neglect the kinetic energy term at maximum spread, which is not 

entirely correct, although it leads to good agreement with the experiments, probably 

because most are validated for impacts at small or moderate velocities. Again, few 

exceptions have been observed in recent works such as in Ref [41], based on the 

pioneering work of Ref [43]. 

Ref [25] performed an extensive study of the spreading diameter of impacting 

droplets and established qualitative relations between the spreading and the 

experimental data of compression of cells between parallel plates. They report 

maximum cell deformation for very low Weber numbers We=2. For Weber numbers 

lower than 2 and Reynolds numbers up to 30, cell printing can be applied assuring 

over 90% viability of the cells. However, Ref [25] also report particular wetting 

conditions to assure the viability of the cells. In fact, wettability is a vital parameter 

affecting the spreading behavior, and major differences are found in the way the 

models account for wettability. Pioneering models address this effect introducing the 

static contact angle in the term of the surface energy of the spreading droplet (e.g. Ref 

[44]). These models often provide satisfactory results for the particular condition of 

the maximum droplet extent for impacts at low and moderate impact velocities, since 

the velocity of the contact line at maximum extent in these particular conditions is 

close to zero. However, more recent
[45-46]

 recognizes the dynamic contact angles to be 

the most representative in dynamic phenomena, in which the velocity of the contact 

line cannot be disregarded. Given the complexity of this topic, it is worth to discuss it 

in detail in the following sub-section, also to address the particular interfacial 

processes which occur when biofluids are used. 

 

2.1.1 The role of wettability 

Wettability is a key factor controlling droplet spreading. Despite being related to the 

adhesive and cohesive interfacial forces, thus acting at a micro-and-nano scale 

interfacial phenomena, it is mainly quantified by a macroscopic contact angle  which 

is obtained at the equilibrium between the interfacial tensions between the liquid, the 

solid and the vapor phases, acting on a droplet gently deposited on the surface, as 

stated by Young’s equation
[47]

. Based on the value of this angle, it is widely accepted 

that the surface is hydrophilic i.e. promotes the liquid spreading for 0<<90º and 

hydrophobic, i.e. repels the liquid for >90º
[48]

. For biofluids, the transition 

hydrophilic/hydrophobic is usually considered to occur at lower contact angles, 

namely for =65º
[49]

. Under ideal conditions, complete wetting/no wetting situations 

are given by  =0º and  =180º, respectively, but in practice, many authors consider 

that a surface is superhydrophilic for  <10º and superhydrophobic for  >150º.  

The surface topography naturally affects the balance between the interfacial tensions, 

so the Young equation is classically corrected to include this effect considering the 



Wenzel
[50]

 or the Cassie and Baxter
[51]

 equations. The first is valid for the so-called 

homogeneous wetting regime, when the liquid wets completely the surface, thus 

penetrating within the roughness grooves. The latter is valid for the heterogeneous 

regime in which the liquid does not penetrate completely within the roughness 

grooves, so air is entrapped between the droplet and the surface, which completely 

alters their interfacial contact and consequently the spreading dynamics. The 

applicability of these equations is still debated in the literature
[52]

 and different authors 

propose alternative criteria to differentiate between the homogeneous and the 

heterogeneous wetting, usually based on the minimization of the free Gibbs energy of 

the system composed by the droplet, the surface and the vapor surrounding. 

Ultimately, most accurate measurements are required to consider the micro-and-nano 

scale and define more universal criteria to distinguish between homogeneous and 

heterogeneous regimes. At the macro-scale, a heterogeneous wetting regime may not 

be stable and may become homogeneous if a critical condition of activation energy is 

transposed and the contact line slowly moves
[53]

. The apparent contact angles defined 

immediately before the advancing or receding motion of the contact line are the so 

called quasi-static advance or receding (apparent) contact angles. The difference 

between them is the hysteresis and is related to the irreversibility (energy dissipation 

at the contact line) which occurs as the contact line moves. Hence, large hysteresis is 

associated to large energy dissipation at the contact line, so that the spreading and 

receding of droplets spreading on surfaces with large hysteresis will be are precluded. 

In this context surfaces with high adhesion depict large contact angles. On the other 

hand, droplet spreading is promoted on surfaces with low hysteresis and due to the 

lower energy dissipation during the spreading, receding and eventually rebound are 

promoted. Given the weaker adhesion of the droplet to the surface, the viscous 

dissipation on the wall is also lessened. Adhesion and adsorption of biocomponents is 

also observed to locally alter the surface wettability, contributing to the local energy 

dissipation at the contact line and affecting the spreading motion
[11]

. Hence, from the 

applications point of view, custom made wettability for cell adhesion/repelling is 

interesting to explore, although it must be performed from the micrometric and 

molecular point of view. From the discussion presented within the last paragraphs it is 

easy to understand that the spreading (and receding) diameters are proportional to cos 

, although the angle considered here should be the dynamic angle (the static angles 

only provide a qualitative point of view). In this context, Ref [25] reports that, besides 

the aforementioned critical Weber and Reynolds numbers, the cell deformation 

increases at lower contact angles (bellow 60º) leading to the fast decrease of the cell 

viability. Indeed, lower contact angles favor the spreading and the improved 

wettability will probably favor hysteresis and adhesion, thus higher velocity gradients 

occur near the surface, promoting higher shear stress. Consequently the viability of 

the cells may become compromised. 

 

2.1.2 Rheological effects 

One of the main limitations pointed in the studies revised so far is that they are 

restricted to Newtonian fluids. Ref [22] for instance clearly shows the importance of the 



non-Newtonian nature in leukocyte modeling and Ref [25] refer also the potential 

influence of the non-Newtonian properties in cell printing applications, although they 

only considered Newtonian fluids in their experimental validation of the model. Many 

biofluids are aqueous solutions with Newtonian viscosity, but others evidence 

non-Newtonian characteristics. In line with the case studies discussed in the previous 

paragraphs, blood is naturally one of the most interesting non-Newtonian fluids that 

worth to be explored. Blood is a complex fluid consisting on a suspension of blood cells 

in plasma and its shear-thinning nature is mainly attributed to the red blood cells
[21]

. 

The plasma is usually considered to be Newtonian, although a few studies
[54]

 evidence a 

non-negligible viscoelastic behaviour under particular flow conditions.  

Non-Newtonian fluids are categorized in three main groups, namely power-law (or 

Ostwald-De Waele) fluids, yield-stress fluids and viscoelastic fluids. Power law fluids 

are the simplest type of non-Newtonian Fluids
[55]

, for which the viscosity  is simply 

related to the shear rate 
.

 by 

1. 



n

K  where the consistency factor K and the power 

law index n are constants of empirical nature. K describes the fluid viscosity at low 

shear rates and matches with the Newtonian viscosity for n=0. The power-law index n 

determines the behaviour of the fluid. Hence, the fluid is shear-thinning when the 

viscosity decreases with the shear rate, i.e. for n<1. Various constitutive models have 

been proposed to describe the rheological behaviour of shear thinning fluids, being the 

Cross model
[56]

, the Carreau model
[57]

 and the Carreau-Yasuda model
[55]

 frequently 

used.  

The rheological properties of the blood flows in the vessels are known to provide 

important information on eventual red blood cell anomalies, flow separation due to 

vessel clogging and other pathologies. In this context, Ref. [56] proposed an empirical 

correlation to evaluate the power law constants as a function of various indexes 

associated to factors such as cholesterol, which contribute to increase the blood flow 

resistance. More recently Ref [19-20] suggest, based on their experimental study, that 

variations in the values of K and n can be correlated with leukaemia. Regarding cell 

deformability and, once again, cell printing applications, deformation and spreading of 

non-Newtonian droplets may provide important outputs to understand particular cell 

behaviour and evaluate their viability. Given their high sensitivity to the shear stresses, 

it is worth to explore the approach followed by Ref [57] who characterized the velocity 

profiles in the lamella of a spreading shear-thinning droplet, making use Particle Image 

Velocimetry (PIV). These authors used a polymer as the non-Newtonian component, 

but important information on the cell response and viability could be derived using the 

same approach in biofluid droplets.  

Although droplet impact is investigated for more than a century, the number of studies 

reported in the literature on the impact of non-Newtonian droplets is still scarce. 

Specifically concerning the spreading of shear-thinning droplets, Ref [58-61] address 

an experimental characterization of the spreading mechanism on cold, rigid and smooth 

surfaces. Ref [60] tries to quantify independently the effect of altering K and n on the 

spreading mechanism, but their conclusions are limited to the fact that it is very difficult 

to change one constant independently from the other. Ref [58] report fast spreading of 



the lamella followed by a significant deceleration as the droplet reaches its maximum 

extent due to the increase of the zero viscosity. Ref [60] also report a dominant effect of 

the K parameter in droplet dynamics, which tends to increase with the concentration of 

the shear-thinning component. These observations are in agreement with those reported 

by Ref [61]. 

Ref [59] further adapt correlations existing in the literature for Newtonian droplets, to 

predict the maximum spreading diameter of shear-thinning droplets. A similar 

approach was followed by Ref [61], who derived similar expressions based on energy 

conservation principles. However, these authors adjusted the scaling of the viscous 

dissipation term, depending on the rheological curves, obtained for different 

concentrations of the shear-thinning component and, based on this approach suggest 

different correlations, depending on the impact conditions.      

  

2.2 Relevant outputs for diagnostic applications 

While droplet disintegration is undesired in the context of the aforementioned 

applications, fingering and splash patterns may actually provide useful information on 

the understanding of cancer invasive branches into the host tissue. Ref [62-64] 

establish an analogy between splashing droplets and cancer cells and show that the 

surface tension at tumor-tissue interface is reduced due to a competition between 

cohesive effects within the tumor cells and adhesion to the stroma. This surface 

tension reduction may lead to fingering like instabilities, which are mainly the tissue 

invasive branches. In line with this, Ref [62] proposes an analogy between a splashing 

droplet and a tumor cell in which the nucleation near the fluid rim corresponds to the 

branching confluence, the secondary jets are associated to the invasive branches, and 

the dispersion of the secondary droplets is related to the proliferating aggregates 

which, according to Ref [64] emerge within the invasive cell population. The 

instability giving rise to the invasive fingering branches is reported by Ref [62] to be 

analogous to the Rayleigh instability generating the secondary jets from the splashing 

droplets. Based on the non-dimensional numbers defined in Table 1, Ref [62] 

establishes the critical conditions promoting tissue invasion. Impact does not exist, 

but instead, the increase of the mechanical pressure exerted by the confining 

microenvironment is the dominating parameter governing the cancer cell expansion. 

Given that the pressure variations are much lower than those observed during droplet 

impact, the corresponding splashing phenomena will occur at much slower time scales. 

Following this model, Ref [62] reports promising results on the control of the cancer 

cells growth and their invasion into the host tissues, achieved by controlling the 

surface tension at the tumor-tissue interface and the exerted micropressure. 

The case studies discussed up to know mainly focus on the dynamic behavior of the 

droplets. However, heat transfer and evaporation mechanisms in biofluids droplet may 

also provide important information that may be used for clinical diagnostics. For 

instance, as reviewed by Ref [8], particular phenomenon such as the evaporation of 

biofluids (e.g. droplets of blood serum) leads to coherent patterns with quite 

well-defined morphology that can be related with diseases such as diabetes, breast 

cancer or hepatitis. This idea was early suggested in Ref [65], but was never explored as 



a diagnostic technique
[8]

. This is mainly due to an incomplete understanding of the 

complex interfacial phenomena occurring at evaporation of these fluids, which is 

related with surface wettability and requires accurate description of temperature and 

velocity fields and measures of macro-and-micro-contact angles to account for in the 

current models predicting the motion of the contact lines and heat transfer phenomenon 

within this region. Within this context, Ref [8] have performed detailed studies on the 

evaporative processes of sessile droplets onto heated surfaces, particularly for solutions 

containing nanoparticles which are deposited over the surface in organized patterns, 

after droplet evaporation that in theory can be related to particular pathologies. Also, 

Ref [66] performed a detailed study on the temperature distribution inside the 

evaporating droplet, making use of a high-speed infrared camera to better understand 

how the temperature distribution within the droplet could affect surface tension 

gradients and consequently influence the deposition process leading to the formation of 

the patterns. Two additional effects were, nevertheless, left unexplored. In fact, Ref. [8] 

did not use biofluids and actually worked only with Newtonian fluids. In this context, 

the study devised by these authors should be extended to non-Newtonian fluids, since 

the temperature strongly affects the rheological properties of the droplet, as recently 

reported by Ref. [61]. Hence, while for droplet impacts on cold surfaces, increasing K 

(i.e. increasing the concentration of the non-Newtonian component) promotes the 

damping the recoiling phase, as discussed in subsection 2.1.2, the opposite trend occurs 

as the droplet impacts and spreads on a heated surface. 

On the other hand, the droplet to be analyzed is more likely to be transported to the 

heating/analysis region, for instance in a lab-on-chip microdevice, so that the heat 

transfer should be studied under dynamic conditions. For these applications, time 

resolved infrared thermography shows high potential to be able to provide detailed 

information on temporal variation of the temperature distribution in the droplet and/or 

on the surface, with high spatial and temperature resolution. As an illustrative example, 

Figure 5 depicts a sequence of images taken beneath a thin stainless steel foil (with a 

thickness of 20m) heated by Joule effect, which is impacted by a water droplet 

(D0=2.8mm) at U0=2m/s. t=0ms corresponds to the impact instant. The images were 

taken with an infrared (IR) time resolved camera Onca-MWIR-InSb (4696 series), 

which has a thermal sensitivity as high as 17mK.  
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    t=96ms        t=480ms 

Figure 5 Temperature profile in the radial direction (from the center to the periphery 

of the droplet) for different time steps during the spreading of a water droplet, 

D0=2.8mm, U0=2m/s. The surface is a smooth stainless steel surface (20m thick). 
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Figure 6 Sequence of images depicting the temperature distribution on a heated surface 

during the spreading of a water droplet (D0=2.8mm, U0=2m/s). The surface is a smooth 

stainless steel surface (20m thick). 

 

3  Microfluidic (lab-on-chip) devices for diagnostic analysis: alternative 

configurations based on droplet dynamics 

The analysis performed up to now was intended to provide specific fluid dynamic and 

heat transfer characteristics of bioflows (and particularly of biofluid droplets) which 

could potentially be used as sorting parameters in free label systems for clinical 

diagnostics. Following this discussion, it is also important to refer how these 

parameters could be implemented in actual diagnostic systems. The fast development 

of microfluidics allowed the swift evolution of microelectromechanical portable 

devices able to transport, handle and analyze biosamples to provide biochemical 

analysis – the so called lab-on-chips. In many of these systems, the sample is 

transported in microchannels using a miscible or immiscible medium and several 

chemical or morphological biomarkers are used to perform the cell identification and 

sorting. As universal biomarkers are not always easy to identify, free label systems or 

biomarkers based on morphological properties of the sample have been extensively 

studied within the last decade
[67]

. In this context, several of the characteristics 

discussed in the previous sections could be evaluated. For instance, deformability of 

the cells is currently an important biomarker to identify cancer cells, malaria, diabetes 

and anemia. Fluorescence detection is also often used although laser techniques 

should be further explored here to detect particular flow properties. For instance 

micro-PIV and confocal micro-PIV are innovative techniques worth to explore 

characteristic 3-D properties of cell suspensions and biofluid flows (e.g. velocity 

profiles in blood flows to determine shear stress and rheological anomalies associated 

to pathologies, as revised in 2.2.1), as suggested by Ref [21]. As the anomalous 

cell/flow property is identified, an effective mechanism must allow its effective 

selection. In this context, different hydrodynamic mechanisms for cell and particle 

trapping in microfluidics have recently been revised by [68]. These authors suggest 

exploring various flow properties inside the microchannels (e.g. inertial and 
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non-Newtonian effects in hydrodynamics of cross stream migration, Dean flow, 

among others) to perform the cell sorting. In this context, custom made wetting 

surfaces should also be explored to act as cell sorting inside the channels, although 

this case requires the additional study on the possible effects of changing the 

wettability and/or topography on the fluid hydrodynamics.  

Most of these approaches are based on microchannels closed configurations, which 

often require complex microchannel geometries, difficult to build and maintain. Also, 

several particular flow properties are assumed, (e.g. laminar flow with low Reynolds 

number), which cannot always be assured in this kind of complex geometries. A 

droplet-based system on an open-configuration chip can be explored as an alternative, 

as drops can be large enough to transport cells. Stretching and sorting can be explored 

with the adequate control of the flow inside the droplet and with customized wetting 

properties at the interface, combined with external actuation. This alternative solution 

is pointed by a few authors to have great potential to be used in lab-on-chips for clinical 

diagnostics
[5]

, offering significant reduction of the samples and reagents and allowing a 

more efficient control of the reactions. Despite few authors have shown that sample 

handling in close configuration systems based on electrostatic actuation can be used to 

manipulate physiological fluids
[69-70]

, little work has actually been done in this direction, 

so that several obstacles are required to transpose in order to obtain a viable diagnostics 

tool, as pointed for instance by Ref [71]. In this context, recent work of Ref [11] 

addressed exploring the factors affecting the response of biofluid droplets to 

electrostatic actuation for application on lab-on-chips for clinical diagnostics. The 

authors, who mainly worked with protein solutions, report a negligible effect of the 

concentration of the proteins and a minor influence of the medium pH. On the other 

hand, the authors extensively explored diverse wetting properties and custom made 

surface topographies, from regular micro-and-nano patterns to biomimetic surfaces and 

concluded that they can have a determinant role in droplet spreading and recoiling, 

which in turn dictates its motion. Hence, Ref [11] recommend particular care in using 

micro-and-nano patterned surfaces, as they may actually promote contact angle pinning 

and lead to higher hysteresis, which as discussed in section 2.1.1 is associated to higher 

dissipation at the contact line, with negative consequences in terms of droplet motion. 

On the other hand, so called superhydrophobic smooth surfaces, with very small mean 

roughness (smaller than 20nm) but depicting contact angles of the order of 150º and 

very low hysteresis of only 2º are able to promote vigorous droplet spreading and 

recoiling, when compared to other more commonly used materials such as PTFE 

(Polytetrafluoroethylene), as illustrated in Figure 7. These surfaces were obtained using 

a chemical coating called Glaco Mirror Coat Zero from Soft99 Co, which is mainly a 

perfluoroalkyltrichlorosilane combined with perfluoropolyether carboxylic acid
[72]

.  

Furthermore, Ref [11] observed that besides the wetting properties of the surfaces, 

passive adsorption mechanisms of the proteins locally increase the surface wettability, 

promoting conditions for the occurrence of contact angle saturation and lessening the 

recoiling motion. Similar adsorption mechanisms have already been reported for 

instance by Ref [73-74], but a consensual effective solution to this problem has not 

been addressed yet. The coating used to create the smooth superhydrophobic surfaces 

https://en.wikipedia.org/wiki/Polytetrafluoroethylene


was observed to lessen the adsorption mechanisms, thus further contributing to the 

large differences observed in terms of droplet dynamics, when compared to other 

substrates, as shown in Figure 7.  

 

Figure 7 Effect of surface wettability on the temporal evolution of the spreading 

diameter of a biofluid droplet under electrostatic actuation. The droplet, with an initial 

diameter of D0=2.8mm is a 0.15mM solution of BSA – Bovine Serum Albumin solution 

and is actuated with 220V. 

 

Recent progresses on this work considered the test of several basic chips with different 

configurations to evaluate their efficiency in transporting biofluid droplets under 

electrostatic actuation. The results show positive progresses in terms of the transport of 

biofluids, but also in the transport of cells. Despite reduced, local cell aggregation may 

still lead to adsorption and contamination of the substrates, so that a previous analysis 

on the possible effect of these adsorption mechanisms is recommended towards the 

selection of the appropriate substrates to use on the chips. Following the same 

procedure used by Ref [11], droplets with GFP-expressing Escherichia coli were 

deposited on various substrates and their footprint was observed by Laser Scanning 

Confocal Microscopy, as illustrated in Figure 8. The images are taken with a Leica SP8 

Confocal Microscope with a 4X magnification (0.10 of numerical aperture), with a 

pixel size of 5.42m x 5.42 m.  

 



 

Figure 8 Images of the “footprint” of a droplet solution with GFP – Expressing E. on a 

PTFE substrate without actuation. 

 

Figure 8 clearly shows the presence of the Green Fluorescent Protein (GFP) on the 

droplet’s footprint on the PTFE, thus confirming the occurrence of passive adsorption. 

Post-processing of the images is then used to determine the Total Corrected 

Fluorescence of the droplet (TCFD), which is mainly the integrated intensity of the 

image background subtracted to the integrated (intensity) density of the droplet. The 

area integrated intensity is the sum of intensities of pixels in the region of interest of the 

droplet footprint that is normalized by unit of area. From the practical point of view, 

higher values of TCFD correspond to higher adsorption of the biocomponent. In line 

with this, Figure 9 confirms the occurrence of adsorption even when cells are used, 

despite the values obtained here for the TDCF are globally much lower (about 1 order 

of magnitude) than those obtained when protein solutions are used, thus suggesting that 

the potential consequences of adsorption in droplet motion are much less significant 

when cells are transported inside the droplets.  

 

Figure 9 Passive adsorption of the protein GFP in GFP – Expressing E. coli by PTFE 

substrates with and without coating, quantified by the TCFD. 
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The image also confirms the drastic reduction of the passive adsorption, when the 

PTFE is coated to become a smooth superhydrophobic surface. 

Hence, overall, the preliminary tests on open configuration chips for sample transport 

in electroactuated droplets shows indeed encouraging results. This configuration seems 

appropriate for cell transport and handling and can easily integrate some of the fluid 

dynamic and heat transfer particular aspects of biofluid droplets that, as discussed in the 

previous sections, could be explored as biomarkers for several pathologies. Hence, 

droplet based lab-on-chip devices seem particularly appropriate to explore when 

devising microsystems for clinical diagnostics.  

 

4 Final remarks 

The present paper explores the fluid dynamics and heat transfer mechanisms of 

biofluid droplets from the perspective of the development of lab-on-chip devices 

pliable to be used in clinical diagnostics. Hence, droplet dynamics is revised and 

important phenomena are associated to the modeling and description of particular 

pathologies. The fluid rheology is correlated to parameters that may be associated to 

the increase of flow resistance and/or to particular pathologies such as leukaemia. The 

physical processes governing droplet splashing are studied and an analogy is made 

with the evolution of cancer invasive branches into the host tissue. Finally, particular 

patterns resulting from the evaporation of droplets of physiological fluids are 

identified to be potentially associated to diverse diseases. The review of these case 

studies is further explored and additional information is provided that is suggested to 

further identify particular features which can be used as biomarkers in lab-on-a-chip 

systems. Finally, droplet dynamics provides the context to evaluate alternative 

configurations in lab-on-chip systems in which the aforementioned biomarkers are 

suggested to be implemented. Based on current experimental work, additional 

recommendations are provided in the selection of the parameters, materials and 

configurations to be considered in open configuration lab-on-chip systems for 

handling and analysis of biosamples, based on the external actuation of the droplets. 

 

Acknowledgements 

The author acknowledges to Fundação para a Ciência e a Tecnologia (FCT) for 

partially financing the research under the framework of the project 

RECI/EMS-SIS/0147/2012 and for financing the Post-Doc fellowship of A.S. Moita 

(SFRH/BPD/109260/2015). Acknowledgements are also due to Pedro Pontes, 

Catarina Laurência and Filipa Mata for providing some data that allowed presenting 

illustrative results in the present paper. 

The author is also grateful to BIOAPPRONFS WETT - BIOMIMETIC 

APPROACHES OF NATURAL FUNCTIONAL SURFACES WITH 

HIERARCHICAL MICRO & NANO STRUCTURE AND THE EXTREME 

WETTABILITY, Project Marie Curie (FP7-People-2011-IRSES, Ref.: 295224). 

 

 

 



References 

[1] P. Yager, T. Edwards, E. Fu, K. Helton, K. Nelson, M.R. Tam, B.H. Weigl, 

“Microfluidic diagnostic technologies for global public health”, Nature vol. 442, 

pp. 412-418, 2006. 

[2] M. Urdea, L.A. Penny, S.S. Olmsted, M.Y. Giovanni, P. Kaspar, A. Sheperd, P. 

Wilson, C.A. Dahl, S. Buchsbaum, G. Moeller, D.C. Hay Burgess, “Requirements 

for high impact diagnostics in the developing world”, Nature vol. 444 (Suppl 1), 

pp. 73-79 (2006).  

[3] P. Yager, G.J. Domingo, J. Gerdes, “Point-of-care diagnostics for global health”, 

 Annu. Rev. Biomed.Eng. vol. 10, pp. 231-240, 2008. 

[4] W.G. Lee, Y.-G. Kim, B.G. Chung, U. Demirci, A. Khademhosseini, 

 “Nano/microfluidics for diagnostics of infectious diseases in developing 

 countries”, Adv. Drug Delivery Rev. vol. 62, pp. 449-457, 2010. 

[5] Pollack MG, Pamula V K, Srinivasan V, Eckhardt AE., “Applications of 

 electrowetting-based digital microfluidics in clinical diagnostics”, Expert Rev. 

 Molecular Diagnostics, vol. 11(4), pp. 397-407, 2011. 

[6] D.R. Gosset, W.M. Weaver, A.J. Mach, S.C. Hur, H.T.K. Tse, W. Lee, H. Amini, 

 D. Di Carlo, “Label-free cell separation and sorting in microfluidic systems”, 

 Anal. Bioanal. Chem. vol. 397, pp. 3249-3267, 2010. 

[7] H. Mohamed, J.N. Tuerner, M. Caggana, “Biochip for separating fetal cells from 

 maternal circulation”, J. Chromatography A vol. 1162, pp. 187-192, 2007. 

[8] K. Sefiane, “On the formation of regular patterns from drying droplets and their 

 potential use for bio-medical applications”, J. Bionic Eng. vol. 7 Suppl., pp. 

 S82-S93, 2010. 

[9] L. Hong, T. Pan, “Surface microfluidics fabricated by photopatternable 

 superhydrophobic nanocomposite”, Microfluidics Nanofluidics, vol. 10(5), pp. 

 991–997, 2011. 

[10] M.A.M. Garza, “Characterization of the adsorption of biomolecules in open 

 electrowetting on dielectrics microfluidic-tool platform for bioanalytical 

 applications”, PhD Thesis, Institute of  mycrosystems Technology, Department of 

 Sensors, Albert-Ludwig University, Freiburg, Germany, 2011. 

[11] A.S. Moita, C. Laurência, J.A. Ramos, D.M.F. Prazeres, A.L.N. Moreira, 

 “Dynamics of droplets of biological fluids on smooth superhydrophobic surfaces 

 under electrostatic actuation”, J. Bionic Eng., vol. 13(2)2016. 

[12] J. Zeng, T. Korsmeyer, “Principles of droplet electrohydrodynamics for 

 lab-on-a-chip”, Lab Chip vol. 4, pp. 265-277, 2004.
 

[13] F. Mugele, “Fundamental challenges in electrowetting: from equilibrium shapes, 

 to contact angle saturation and drop dynamics”, Soft Matter vol. 5, pp. 

 3377-3384,  2009. 

[14] J.Y. Yoon, R.L. Garrell, “Preventing biomolecular adsorption in 

 electrowetting-based  biofluidic chips”, Analytical Chemistry, vol. 75(19), pp. 

 5097-5102, 2003. 

http://www.mendeley.com/profiles/vamsee-pamula/


[15] P. Bayiati, A. Tserepi, P.S. Petrou, K. Misiakos, S.E. Kakabakos, E. Gogolides, 

 C. Cardinaud, “Biofluid transport on hydrophobic plasma-deposited fluorocarbon 

 films”, Microelectronic Eng., vol. 84, pp. 1677–1680, 2007. 

[16] J. Li, Z. Zhang, J. Rosenzweig, Y.Y. Wang, D.W. Chan, “Proteonics and 

 bioinformatics approaches for identification of serum biomarkers to detect breast 

 cancer”, Clin. Chem. vol. 48, pp. 1296-1304, 2002. 

[17] J. Villanueva, D.R. Shaffer, J. Philip, C.A. Chaparro, H. Erdjument-Bromage, A.B. 

 Olshen, M. Fleisher, H. Lilja, E. Brogi, J. Boyd, M. Sanchez-Carbayo, E.C. 

 Hollahnd, C. Cordon-Cardo, H.I. Scher, P. Tempst, “Differential exoprotease 

 activities confer tumor-specific serum peptidome patterns”, J. Clin. Invest. vol 116, 

 pp. 271-284, 2006.  

[18] R.N. Pralhad, D.H. Schultz, “Modeling of arterial stenosis and its applications to 

 blood diseases”, Mathematical Biosciences vol. 190, pp. 203-220, 2004. 

[19] K. Sharma, S.V. Bhat, “Non-Newtonian rheology of leukemic blood and plasma: 

 are n and K parameters of power law model diagnostic?”, Phys. Chem. Phys. 

 Med. NMR vol. 24 (4), pp. 307-312, 1992. 

[20] M. Brust, C. Schaefer, R. Doerr, L. Pan, P.E. Arratia, C. Wagner, “Rheology of 

 human blood plasma: viscoelastic versus Newtonian behavior”, Phys. Rev. 

 Lett. vol. 110, pp. 078305, 2013. 

[21] R. Lima, T. Ishikawa, Y. Imai, T. Yamaguchi,  “Blood flow behavior in 

 microchannels: past, current and future trends”, in Single and two-Phase Flows 

 on Chemical and Biomedical Engineering, R. Dias, A.A. Martins, R. Lima, T.M. 

 Mata (Eds), Bentham Science, pp. 513-547, 2012. 

[22] K. H.-Chuan, H.S. Udaykumar, W. Shyy, R. Tran-Son-Tay, “Hydrodynamics of 

 a compound droplet with application to leukocyte modeling”, Phys. Fluids vol. 

 10(4), pp.760-784, 1998.  

[23] V. M. Saikrishna, H.S. Udaykumar, “Computational analysis of the deformability 

 of leukocytes modeled with viscous and elastic structural components”, Phys. 

 Fluids, vol. 16(2) pp. 244-264, 2004. 

[24] T. Xu, C.A. Gregory, P. Molnar, X. Cui, S. Jalota, S.B. Bhaduri, T. Boland, 

 “Viability and electrophysiology of neural cell structures generated by the inkjet 

 printing method”, Biomaterials vol. 27, pp. 3580-3588, 2006. 

[25] S. Tasoglu, G. Kaynak, A.J. Szeri, U. Demerci, “Impact of a compound droplet 

 on a flat surface: a model for a single cell epitaxy”, Phys. Fluids vol. 22, 

 pp.082103, 2010.  

[26] W. Wang, Y. Huang, M. Grujicic, D.B. Chrisey, “Study of impact-induced 

 mechanical effects in cell direct writing using smooth particle hydrodynamic 

 method”, ASME J. Manuf. Sci and Eng., vol. 130, pp. 021012-1-02101210, 2008. 

[27] R. Ross, “Atherosclerosis: an inflammatory disease”, New Eng. J. Med. vol.340, 

 pp.115, 1999. 

[28] R.F. Tuma, U.S. Vasthare, L.A. Heinel, R.H. Rosenwasser, “Leukocyte 

 involvement in cerebral ischemia and reperfusion injury”, Ann. Biomed. Eng. vol. 

 19, pp.570, 1991 



[29] T. Xu, S. Petridou, E.H. Lee, E.A. Roth, N.R. Vyavahare, J.J. Hickman, et 

 al.,“Construction of high-density bacterial colony arrays and patterns by the 

 ink-jet methhod”, Biotechnol. Bioeng. vol. 85(1), pp. 29-33, 2004.    

[30] T. Xu, J. Jin, C. Gregory, J.J. Hickman, T. Boland, “Inkjet printing of viable  

 mammalian cells”, Biomaterials, vol. 26(1), pp.93-96, 2005.  

[31] A.L.N. Moreira, A.S. Moita and M.R.O. Panão, “Advances and challenges in 

 explaining fluel spray impengment: how much of single droplet impact research 

 is useful?, Progr. Comb. Energy Sci. vol. 36, pp.554-580, 2010. 

[32] A.S. Moita, A.L.N. Moreira, “Drop impacts onto cold and heated rigid 

 surfaces: morphological comparisons, disinteegration limits and secondary 

 atomization”, Int. J. Heat Fluid Flow vol. 28(4), pp.735-772, 2007. 

[33] R. Rioboo, C. Tropea, M. Marengo, “Outcome from a drop impact on solid 

 surfaces”, Atom. and Sprays vol. 11, pp. 155-165, 2011. 

[34] A.L. Yarin, D.A. Weiss, “Impact of drops on solid surfaces: self-similar capillary 

waves and splashing as a new type of kinematic discontinuity”, J. Fluid Mech. vol. 

283, pp. 141-173, 1995. 

[35] L. Xu, W.W. Zahang, S.R. Nagel, “Drop splashing onto a dry surface”, Phys. 

 Rev. Letters vol. 94, pp.184505, 2005. 

[36] R.Y. Jepsen, S.S Yoon, B. Demosthenous, “Effects of air on splashing during a 

 droplet impact”, Proc. ILASS Americas, Toronto, Canada, 2006. 

[37] A.L. Yarin, “Drop impact dynamics, splashing, spreading, receding, 

 bouncing…”, Annu. Rev. Fluid Mech. vol. 38, pp. 159-192, 2006. 

[38] M. Voué, R. Rioboo, C. Bauthier, J. Conti, M. Charlot, J. De Coninck, 

 “Dissipation and moving contact lines on no-rigid substrates”, J. Eur. Ceramic 

 Soc. vol. 23, pp. 2769-2775, 2003 

[39] R. Rioboo, M. Voué, H. Adão, J. Conti, A. Vaillant, D. Seveno, J. De Coninck, 

 “Drop Impact on Soft Surfaces: Beyond the Static Contact Angles”, Langmuir 

 vol. 26(7), pp. 4873-4879, 2003. 

[40] P. M. M. Pereira, A.S. Moita, G.A. Monteiro, D.M.F. Prazeres, “Characterization 

 of the topography and wettability of English weed leaves and biomimetic 

 replicas”, J. Bionic Eng. vol 11, pp. 346-359, 2014.  

[41] I.V. Roisman, E. Berberovic, C. Tropea, “Inertia dominated drop collisions I. On 

 the universal flow in the lamella”, Phys. Fluids vol. 21(5), pp.052103, 2009. 

[42] P. Attané, F. Girard, V. Morin, “An energy balance approach of the dynamics of 

 drop impact on a solid surface”, Phys. Fluids vol. 19(1), pp. 012101, 2007. 

[43] A. Fedorchenko, “Asymptotic theory of droplet spreading after collision with a 

 solid surface”. In: Drop-Surface interactions, Edited by Martin Rein, 

 SpringerWienNewYork, p.287, 2002. 

[44] T. Mao, D.C.S. Khun, H. Tran, “Spread and rebound of liquid droplets upon 

 impact on flat surfaces”, AIChE J. vol. 43, pp. 2169-2179, 1997. 

[45] M. Pasandideh-Fard, Y.M. Qiao, S. Chandra, J. Mostaghimi, “Capillary effects 

 during droplet impact on a solid surface”, Phys. Fluids vol. 8(3), pp. 650-658, 

 1996. 



[46] M. Vignes-Adler, “Physico-chemical aspects of forced wetting”. In:  

 Drop-Surface interactions, Edited by Martin Rein, SpringerWienNewYork, 

 p.103, 2002. 

[47] T. Young, “An essay on the cohesion of fluids”, Phil. Trans. R. Soc. Lond. vol. 

 95, pp. 65-87, 1805. 

[48] B. Bhushan, Y. Jung, “Natural and biomimetic artificial surfaces for 

 superhidrophobicity, self cleaning, low adhesion and  drag reduction”, Progr. 

 Mat. Sci. vol. 56, pp.1-108, 2011. 

[49] Vogler E A. Surface modification for biocompatibility. In: Lakhtakia A, 

 Martin-Palma R J eds., Engineered Biomimicry, Elsevier, pp.89–220. 

[50] R.N. Wenzel, „Resistance of solid surfaces to wetting by water“, Ind. Chem. 

 Eng. Chem. vol. 28, pp. 988-994, 1936. 

[51] A.B., Cassie, S. Baxter, “Wettability of porous surfaces“, Trans. Faraday 

 Soc. vol. 40, pp. 546-551, 1944. 

[52] A. Marmur , “Measures of wettability of solid surfaces”, Eur. Phys. J. Special 

 Issues vol. 197, pp. 193–198, 2011. 

[53] B. He, A. Patankar, J. Lee, “Multiple equilibrium droplet shapes and design 

 criterions for rough hydrophobic surfaces“, Langmuir, vol. 19, pp. 4999-5003, 

 2003. 

[54] M. Brust, C. Schaefer, R. Doerr, L. Pan, M. Garcia, P.E. Arratia, C. Wagner,  

 “Rheology of human blood plasma: viscoelastic versus newtonian behaviour“, 

 Phys. Rev. Lett. Vol. 110, pp. 078305, 2013. 

[55] V. Bertola, M. Marengo,“Single drop impacts of complex fluids: a review“,  

 Koninklijke Brill NV, Leiden, Chap.11, pp. 267-298, 2011. 

[56] M. A. Hussain, S. Kar, R. Puniyani, “Relationship between power law 

 coefficients and major blood constituents affecting the whole blood viscosity “, J. 

 Biosci. vol. 24(3), pp. 329-337, 1999. 

[57]M.I. Smith, V. Bertola, “Effect of polymer aditives on the wetting of impacting 

 droplets”, Phys. Rev. Lett. vol. 104, pp.154502, 2010. 

[58] S.M. An, S.Y. Lee, “Observation of the spreading and receding behaviour of a 

 shear-thinning liquid drop impacting on dry solid surfaces”, Exp. Thermal Fluid 

 Sci., vol. 37, pp. 37-45, 2012. 

[59] S.M. An and S.Y. Lee, “Maximum spreading of a shear-thinnig liquid drop 

 impacting on dry solid surfaces”, Exp. Thermal Fluid Sci., vol. 38, pp. 140-148, 

 2012. 

[60] G. German, V. Bertola,” Impact of shear-thinning and yield-stress drops on solid 

 Surfaces”, J. Phys. Condens. Matter vol. 21, pp. 375111, 2009. 

[61] A.S. Moita, D. Herrmann, A.L.N. Moreira, “Fluid dynamic and heat transfer 

 processes between solid surfaces and non-Newtonian liquid droplets”, Appl. 

 Thermal Eng. vol. 86, pp. 33-46, 2015. 

[62] C. Guiot, P.P. Delsanto, T.S. Deisboeck, “Morphological instability and cancer 

 invasion: a 'splashing water drop' analogy”, Theoretical Biology and Medical 

 Modelling vol. 4(4), 6pp, 2007. 



[63] V. Cristini, H.B. Frieboes, R. Gatenby, S. Caserta, M. Ferrari, J. Sinek, 

 “Morphologic instability and cancer invasion”, Clin. Cancer Res. Vol. 11, pp. 

 6772-6779, 2005. 

[64] M. Tamaki, W. McDonald, V.E. Amberger, E. Moore, R.F. Del Maestro, 

 “Implantation of C6 astrocytoma spheroid into collagen type I gels: invasive, 

 proliferative, and enzymatic characterizations”, J Neurosurg. vol. 87, pp.602-609, 

 1997. 

[65] V.N.Shabalin, S.N. Shatokhina, “Method of diagnosing complicated urolithiasis 

 and prognosticating urolithiasis”, Euro Patent, EP0504409/B1, 1996. 

[66] D. Orejon, K. Sefiane, M.E:R. Shanahan, “Evaporation of nanofluids droplets 

 with applied DC potential”, J. Col. Int. Sci. vol. 407, pp. 29-38, 2013. 

[67] D.R.Gosset et al., “Label-free cell separation and sorting in microfluidic systems”, 

 An. Bioan. Chem. vol.397, pp. 3249-3267, 2010. 

[68] A. Karimi, S. Yazdi, A.M. Ardekani, “Hydrodynamic mechansims of cell and 

 particle trapping in microfluidics”, Biomicrofluidics vol.7, pp. 021501, 2013. 

[69] V. Srinivasan, V.K. Pamula, R.B. Fair, “An integrated digital microfluidic 

 lab-on-a-chip for clinical diagnostics on human physiological fluids. Lab on a 

 chip, vol. 4, pp. 310-315, 2004. 

[70] A.R. Wheeler, H. Moon, C.J. Kim, J.A. Loo, R.L. Garrell, “Electrowetting-based 

 microfluidics for analysis of peptides and proteins by matrix-assisted Laser 

 desorption/ionization mass spectrometry, Analytical Chemistry, vol. 76(16), pp. 

 4833-4838, 2004. 

[71] F. Mugele, J.C. Baret, “Electrowetting: from basics to applications. J. 

 Phys:Cond. Matter, vol. 17(28), R705–R774, 2005. 

[72] M. Kato , A. Tanaka, M. Sasagawa, H. Adachi (2008) Durable automotive 

 windshield coating and the use thereof US 8043421 B2, Patent US8043421 B2. 

[73] J.Y. Yoon, R.L. Garrell, “Preventing biomolecular adsorption in 

 electrowetting-based biofluidic chips”, Analytical Chemistry, vol. 75(19), pp. 

 5097-5102, 2004. 

[74] P. Bayiati, A. Tserepi, P.S Petrou, K. Misiakos, S.E. Kakabakos, E. Gogolides, C. 

 Cardinaud, “Biofluid transport on hydrophobic plasma-deposited fluorocarbon 

 films”, Microelectronic Engineering, vol. 84, pp. 1677–1680, 2007. 

 

 

 

 


