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Introduction  
 

This thesis work arises from a collaboration between University of Naples 

Federico II and the Institute of Applied Sciences and Intelligent Systems 

belonging to National Council of Research (CNR-ISASI) on a European 

project, SensApp (grant agreement No 829104), financed by the European 

Union’s Horizon 2020 research and innovation programme. 

The project, in which six partners are involved (CNR, Vrije Universiteit 

Brussel VUB, Johannes Kepler University Linz JKU, Technical Research 

Centre of Finland VTT, Centro Neurolesi Pulejo Messina, Ginolis GIN), has 

the aim to develop a super-sensor device able to give an early diagnosis of 

the Alzheimer’s disease by a simple blood test.  

The Alzheimer’s disease (AD) is a progressive and irreversible 

neurodegenerative disorder, which leads to death. It represents the main 

cause of dementia in the elderly population, with a great socio-economic 

impact in the worldwide community. Estimates vary, but experts evaluated 

that nowadays around 30 million of people are affected by AD and, taking 

into account the increase of life expectation, this community is likely to rise 

to about 150 million people by 2050. The current guidelines for clinical 

diagnosis of AD establish the determination of specific protein biomarkers 

(Amyloid-beta, tau, P-tau) in cerebrospinal fluid (CSF) through ELISA1 kit 

and positron emission tomography (PET) of the brain with amyloid tracer. 

However, PET is highly expensive and not always available in clinics and 

lumbar puncture for CSF collection is an extreme invasive intervention that 

requires hospitalization and hinders follow-up programs during therapies. 

Nowadays the traditional ELISA kits cannot determine such biomarkers in 

peripheral blood due to their abundance well below the standard 

sensitivity that is of 50-100 pg/mL. Therefore, by the time it is recognized, 

the disease has been progressing for many years. In this framework an 

early diagnosis of AD is crucial for saving lives. 

SensApp aims at developing a super-sensor system that, pushing the 

sensitivity well below 1 pg/mL, will be able to detect the AD biomarkers 

(Amyloid-beta, tau, P-tau) in human plasma, thus overcoming the limits of 
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detection usually encountered by standard ELISA protocols. This super-

sensor will enable in future a faster and non-invasive early diagnosis of AD 

simply through a routine blood test, thus opening the route to highly 

efficient screening programs among the population2. 

The contribution of this thesis work is to give reliable dimensions and 

geometry shape for the device channel, region in which the blood sample 

will be loaded, by simulating the dynamics of fluid through an orifice in 

order to choose the size giving thinner drop meniscus shape. Subsequently 

laboratory tests have been performed to have a comparison between 

simulated and realistic results and to study the fluid behaviour under the 

electric field. 

Therefore, the elaborate is so structured: a state of art regarding 

microfluidics aid, ink-jet printing devices, pyro-electro-hydro-dynamic 

effect and droplet dynamics through an orifice introduces the 

investigation, then the mathematical model for dynamics simulation is 

explained, finally simulation and experimental results are presented with 

relative considerations.  
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CHAPTER 1 

PYRO-ELECTRO-HYDRO-

DYNAMIC EFFECT 
There is rapidly increasing research interest focused on manipulating and 

dispensing tiny droplets in nanotechnology and biotechnology so a 

continuously-increasing demand for specific tools for the deposition of 

ultra-small quantities of materials at predefined locations has emerged.  

The ability to fabricate complex microfluidic architectures has allowed 

scientists to create new experimental formats for processing ultra-small 

analytical volumes in short periods and with high efficiency. The 

development of such microfluidic systems has been driven by a range of 

fundamental features that accompany miniaturization. These include the 

ability to handle ultra-small analytical volumes, reduced reagent 

consumption, high efficiency, ultra-low fabrication costs, reduced analysis 

times, enhanced operational flexibility, integrate functional components 

within complex analytical schemes and increased instrument portability. 

 

1.1 The microfluidics aid 
Microfluidics can be divided in many branches among which we can cite: 

continuous flow microfluidics and digital microfluidics. The first is 

characterized by constant, regular, continued flow flowing in closed 

channels. Continuous flows of liquid are pumped by either mechanical or 

electrokinetic means and changes of the pressures or electrode voltages 

are allowed. It allows to manipulate the continuous flow of liquid through 

microchannels thanks to devices such as external pressure pumps or 

integrated mechanical micropumps.  

https://www.elveflow.com/microfluidic-flow-control-products/flow-control-system/high-accuracy-pressure-pumps/
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Then digital microfluidics, also called droplet microfluidics, is a relatively 

recent technology for liquid manipulation, which allows the control of 

discrete droplets on a planar surface, through the use of electric, magnetic, 

optic or acoustic forces. Digital microfluidics shows a clear analogy with 

traditional benchtop protocols, and a wide range of established chemical 

protocols can seamlessly be transferred to a picolitre to nanolitre droplet 

format. Digital microfluidics (DMF) includes all the standard advantages of 

conventional microfluidics, furthermore, it offers additional advantages, 

such as: precise control over unit droplets, easy integration with 

measurement techniques, multiplex assay capability and there is no need 

for propulsion devices.  A DMF device set-up depends on the substrates 

used, the electrodes, the configuration of those electrodes, the use of a 

dielectric material, the thickness of that dielectric material, the 

hydrophobic layers, and the applied voltage 3. A common substrate used in 

this type of system is glass. Depending if the system is open or closed, there 

would be either one or two layers of glass. The bottom layer of the device 

contains a patterned array of individually controllable electrodes. The 

dielectric layer is found around the electrodes in the bottom layer of the 

device and is important for building up charges and electrical field 

gradients on the device. A hydrophobic layer is applied to the top layer of 

the system to decrease the surface energy in which the droplet will actually 

be in contact with. The applied voltage activates the electrodes and allows 

changes in the wettability of droplet on the device’s surface. In order to 

move a droplet, a control voltage is applied to an electrode adjacent to the 

droplet, and at the same time, the electrode just under the droplet is 

deactivated.  

https://www.elveflow.com/microfluidic-flow-control-products/microfluidic-application-packs/microfluidic-droplet-generator-pack/
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Based on this configuration, different dispensing methods have been 

developed. 

For example, some approaches make use of electrohydrodynamic jetting, 

which involves a tube with a meniscus bearing a Taylor cone profile 

spraying a fine jet; other are based on pulsed electrohydrodynamic liquid 

jetting to obtain droplets on -demand with sizes much smaller than that of 

the delivery nozzle; or microcapillary nozzles to have high resolution 

electrohydrodynamic jet printing; or again drop-on-demand printing of 

conductive ink has been obtained by the application of electrostatic fields.  

All these electrohydrodynamic techniques provide submicrometre 

droplets and have the flexibility to pattern fragile organics or biological 

materials by application of electric potential between the nozzle and the 

substrate for droplet generation.  

The field leads to accumulation of the mobile ions in the liquid near the 

surface. Electrostatic interaction between ions creates the conical shape of 

the meniscus, known as a “Taylor cone”. The droplets eject from the cone 

when the electrostatic stresses overcome the surface tension.  

 
 
 

Figure 1| Digital microfluidics device set-up. 
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Three features of EHD-jet printing allow achieving the high resolution 

operation: (1) the inner diameter of the nozzles can reach 100 nm, which 

is much smaller than in the inkjet printing; (2) EHD-jet generated droplets 

can be significantly smaller than the nozzle diameter; (3) electric field 

focusing decreases the lateral variations of the droplet positions4.  

However, these devices require the arrangement of appropriate electrodes 

and high-voltage circuits. Moreover, the fabrication of the capillary nozzles 

is very sophisticated and may be subject to cross contamination.  

 

1.2 Pyro-Electro-Hydro-Dynamic effect 
Recently, a new approach for liquid dispensing and patterning exhibiting 

the pyroelectrohydrodynamic effect has been demonstrated. It has the 

advantages of being electrode-less and nozzle-less, and furthermore using 

this method liquid printing with attoliter drops resolution has been 

obtained.  

In order to understand how this system works it is well to explain some 

concepts related to pyro-EHD functioning. 

 

Figure 2|Schematic diagram of the electrohydrodynamic printing system with a nozzle. 
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1.2.1 Pyroelectricity 
Pyroelectricity is a property of particular materials which exhibit a 
spontaneous polarization that depends on the temperature 5. This 
property depends on the molecular structure of the material: a pyroelectric 
solid has inner dipoles, due to the presence of cations or anions in the 
structure 6. In equilibrium conditions (constant temperature), each dipole 
has its orientation and the total electric dipole moment is zero. A 
temperature variation induces a movement between the atoms (which 
have a certain mobility) and, for that reason, a change in the dipoles 
strength (therefore, the polarity7) and, consequentially, a charge 
displacement on the material surface, i.e. an electric current. It is 
important to underline that, if the material remains at the same 
temperature, after it has undergone to a thermal variation, the inner 
domains work to recover an equilibrium, crowding the charges on the 
external surfaces, reinstating the starting polarization and setting to zero 
the electric field. That means just a thermal gradient is able to induce an 
electric current 6,8. It could be compared to a thermoelectrical material 
that, once heated, produces an electric current and a stable electrical 
potential, due to the inner displacement of electrons and holes9, but a 
pyroelectric material attracts electrons from the external ambient, in order 
to compensate the exceed of charges occurred on the surface6.  
A pyroelectric material can be either a ceramic, a polymer or a crystal. 
Between crystals there is Lithium Niobate (LiNbO3 

10) on which the interest 
has been focused. 
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1.2.2 Electro-Hydro-Dynamic effect 
The electrohydrodynamic effect consists of charge displacement induced 

in the liquid due to the electric field that employs attractive and repulsive 

forces with the liquid molecules 11, 12 . The result consists on the 

deformation of the liquid drop that assumes a conical shape, known as 

Taylor’s cone 13 (Fig.3), due to a charges accumulation at the interface 14 . 

 

In particular, Taylor’s cone is an equilibrium condition mediated by the 

forces generated by the surface tension force and the external electric 

force density 13. In other words, an equivalence between a term 𝐹𝛾, 

relative to the surface tension contribute, and a term 𝐹𝑒, relative to the 

electric external stimulus, has to be reached 15  . 

Figure 3| Taylor's cone. Distribution of charges during Taylor’s cone formation. 
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1.2.3 The combined effect (Pyro-EHD) 
If the electric field that activates the EHD phenomenon is generated by a 

pyroelectric crystal, the combined effect is defined pyro-electro-hydro 

dynamics (pyro-EHD16, 17) and allows to manipulate liquids or polymeric 

solution without the use of electrodes. In Fig.4 the set-up realized for 

classic pyro-EHD printing is reported: 

 
The system is constituted by two plates and a heat source. The heat 

sources 

could be a non-contact infrared beam (continuous-wave CO2 laser emitting 

at 10.6 mm) or a hot tip of a conventional soldering iron, acting as a contact 

stimulus (Fig. 1a, b). A microscope glass slide forms the base of the liquid 

reservoir (which could be a drop or a film), and the LN crystal wafer (z-cut, 

optically polished and 500 mm thick) acts as an auxiliary plate that drives 

the process and acts as a substrate for the dispensed liquids. A pointwise 

thermal stimulus is applied to the LN crystal to induce the pyroelectric 

effect locally (the maximum operation temperature of the hot tip is 

∼250°C). At equilibrium, the spontaneous polarization Ps of the LN crystal 

is fully compensated by the external screening charge, and there is no 

electric field18. According to the pyroelectric effect, the temperature 

change ΔT causes a variation ΔPs, which builds up an electric 

potential across the z surfaces. Neglecting the losses, a surface charge 

Figure 4| Pyroelectrohydrodynamic dispenser. a. Microfluidics device heated with infrared laser. 
b. with hot tip of soldering iron. 
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density σ= PcΔT appears locally when the tip heats the crystal, where Pc is 

the pyroelectric coefficient.  

The dispensing is guided by the pyroelectric field that induces a charge 

displacement on the liquid surface; the reservoir drop turns into a Taylor’s 

cone 19, 20 shape, until the attractive (or repulsive) force exerted toward the 

crystal gets start the dispensing of drops or fibers, in order to produce 

drops arrays or patterns. 

For a fixed drop volume, a critical value DC for the distance D between the 

base and the substrate can be defined according to the following 

equation21: 

𝐷𝐶 = (1 + 𝜗
4⁄ )𝑉1∕3 

 

where ϑ is the contact angle and V the volume drop reservoir. If D<DC a 

stable liquid bridge is established (Fig. 5a) if, instead, D>DC a stable liquid 

bridge cannot be established between the plates and a liquid stream 

regime occurs (Fig.5 b, c)16. 

 

This instability is interesting to break up the liquid reservoir and to dispense 

droplets. 

a b c 

Figure 5| Pyroelectrohydrodynamic dispensing. a, Liquid bridge obtained when D is shorter than 
the critical distance. e, f, shooting of almond oil and PDMS (PDMS has a continuous blasting cone 

due to its higher viscosity). 
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In figure 6 are reported two sequences of liquids shooting for a film 

stimulated by a hot tip (Fig. 6a) and by infrared laser pulses (Fig. 6b). The 

dynamic evolutions show that the reservoir first deforms into a conical tip, 

with a height that increases under the pyroelectrohydrodynamic force, and 

then it behaves as a ‘dispensing gun’ that blasts droplets periodically until 

the electric field vanishes16 .  

The pyroelectrohydrodynamic ‘dispensing gun’ presents different 

functionalities. The shooting direction can be changed within a wide solid 

angle (Fig. 7a) by moving the thermal source (hot tip or laser beam). In fact, 

the regions with highest electric fields follow the thermal source 

displacement.  

a 

b 

Figure 6| Dispensed sequences. Sequence of almond oil shots taken from a film stimulated by hot 
tip (a) and from a sessile drop stimulated by IR laser (b). 
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Figure 7|Functionalities of the dispensing gun. 

 
Larger angles induce the drop reservoir to translate during shooting and 

dispense to different locations (drop in Fig. 7b and film in Fig. 7c). The drop 

reservoir moves only beyond a certain threshold angle in fact, when the 

drop undergoes the maximum asymmetrical deformation under the off-

axis electric force, the solid-liquid surface tensions are no longer balanced 

and a resulting force moves the drop (Fig. 7b). The dispensing gun moves 

more easily in the case of the film reservoir (Fig. 7c), because no solid-liquid 

interface tension prevents movement of the blasting cone.  

The shooting function can also be synchronized harmonically with the 

displacement of the droplets while they are dispensed continuously. Such 

droplets could be collected and managed into a microfluidic system. This 

function is implemented by positioning the hot tip closer to the edge of the 

LN plate where the thermal dissipation, favoured by the contact with the 

glass spacer, generates colder regions16.  

 

1.2.4 Dispenser improvement  
These results show the possibility of drawing and dispensing liquid samples 

from a drop or film reservoir onto a functionalized substrate such as LN, 

with intriguing functionalities. However, the deposition of droplets directly 

onto the warm LN wafer causes spreading of the liquid due to the 
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electrowetting effect caused by the uncompensated charges generated 

pyroelectrically on the crystal surface. Moreover, the deposition of 

droplets onto chips other than the LN plate is desirable so the 

pyroelectrohydrodynamic dispenser was therefore improved according to 

the scheme presented in Fig.8: 

 
 

 
 
There are three macro-systems composing that setup: a heating system, a 

moving stage system and a monitoring system. The heating source, which 

can be a non-contact infrared beam or a hot tip of conventional soldering 

iron, is in contact with an auxiliary plate of LN wafer. The liquid reservoir is 

arranged on a glass substrate in front of a second glass substrate, 

representing the receiver-substrate mounted onto a three axes translation 

stage, in contact with the LN crystal and on the same line of the heating 

source. The moving stage system is made up of a high precision linear 

motor, with an X-Y axis and a digital motion controller. The monitoring 

system consists of a highly-sensitive and fast camera, an optical zoom lens 

and a blue LED light source. This last system is used in order to monitor the 

cone-jet mode and jetting status16.  

This new configuration allows the dispensing gun to be able to print 

different liquid patterns consisting of separate droplets (with different 

distances and periods), continuous lines by controlling the translation 

direction and speed of the substrate and liquid droplets and lines with 

Figure 8| Improved set-up. 
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highly regular diameters and widths and according to a wide variety of 

geometries. In the following figure are reported some examples: 

 

 
The printing process has another intriguing functionality consisting in the 
simultaneous streaming of adjacent drop reservoirs with different volumes 
by the same thermal stimulus. A sort of multi-dispensing process is 
obtained that leads to the formation of parallel lines of droplets of two 
different diameters. 
The major limitation of this configuration was the restriction of the 
distance between the droplet and the LN crystal: liquid reservoir could not 
be so far from the crystal, inducing a consequent limitation on thicknesses 
and geometric constrain of the receiving substrate.  
 

Figure 9| Geometries printed by improved set-up. 
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1.2.5 Forward pyro-electrohydrodynamic printing 
The problem of the distance is exceeded in a novel configuration proposed: 

the novelty consists in the placement of the receiving substrate in front of 

the drop reservoir and of the crystal22. 

 
This method for direct printing of viscous polymers based on a pyro-

electrohydrodynamic repulsion system is capable of overcoming 

limitations on the material type, geometry and thickness of the receiving 

substrate.   

The new configuration is characterized by the placement of the liquid 

reservoir that is now in contact or in proximity of the LN. The receiver-

substrate is in front of the liquid reservoir and the LN crystal. The liquid 

drop is mounted onto a polymeric base, previously realized, in order to 

improve the uniformity of the drop. This base is in contact with a glass 

substrate. The LN crystal is locally heated, in particular in the area where 

the placed liquid drop is in contact with the crystal. Once the field is 

activated, it polarizes the fluid, exerting a repulsive force on the drop and, 

when it is strong enough, deforms the liquid into a conical tip (Taylor’s 

cone). The drop releases micro-droplets, used for direct printing onto the 

moving substrate.  

Figure 10| Forward pyro-electrohydrodynamic printing. 
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The great advantage of this technique consists in the possibility of direct 

writing micro-drops onto a device, used as the receiving-substrate. In fact, 

pyro-EHD printing allows to realize high resolution samples, keeping good 

precision during the printing process, fine spatial resolution onto a very 

large could be obtained. Moreover, several kinds of inks could be used 

through pyro-EHD printing.  
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CHAPTER 2 

DROPLET DYNAMICS THROUGH 

AN ORIFICE 
Generally when a droplet interacts with an orifice, it must displace a 

second fluid and this interaction can be characterized with some 

parameters such as droplet inertia, gravity, capillary forces, viscous forces, 

droplet velocity, solid surface properties, solid opening size, wettability, 

orifice-to-droplet diameter ratio (d/D) and the plate thickness23. In order 

to understand how the droplet behaves, a study is necessary. 

 

2.1 Acting forces 
If the inertia is sufficient to overcome the surface tension, the droplet can 

go through the orifice and this interaction can be characterized with the 

Weber number24, 𝑊𝑒 = 𝜌𝑑𝑈𝑡
2𝐷 ∕ 𝜎, where 𝜌𝑑 𝑖𝑠 𝑡he droplet density, Ut 

the approach velocity, D the droplet diameter and σ the surface tension.  

In gravity-driven flows the surface tension at the opening orifice acts 

against the gravity and the interaction can be evaluated with the Bond 

number25, 𝐵0 = 𝛥𝜌𝑔𝐷2 ∕ 𝜎, in which 𝛥𝜌 is the difference between the 

droplet density and the surrounding density and 𝑔 is the acceleration due 

to the gravity.  

After impact the gravitational force that drives the droplet downward can 

be evaluated as Fg= 𝛥𝜌𝑔𝐷3and a characteristic time scale can be defined 

𝑡𝑔 = √
𝜌𝑑𝐷

𝛥𝜌𝑔
 . Depending on the orifice diameter, capillary force and viscous 

force oppose the droplet motion and two other characteristic times can be 

evaluated 𝑡𝜎 = √
𝜌𝑑𝑑3

𝜎
 𝑎𝑛𝑑 𝑡𝜇 =

𝜌𝑑𝑑2

𝜇𝑑
, respectively, for capillary and 

viscous forces.   
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In addition, there are two dimensionless numbers, that give information 

about the prevalent force 𝑅 =
𝑡𝑔

𝑡𝜎
 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑂ℎ𝑛𝑒𝑠𝑜𝑟𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟26 𝑂ℎ =

𝑡𝜎

𝑡𝜇
.  

 

2.2 Droplet and surface properties 
Depending on the droplet initial velocity and surface properties, different 

regimes can occur (Fig.10). In case of hydrophobic hole there are three 

cases: NI, nonimpregnation regime if the droplet velocity is low; LI, limited 

impregnation regime if the droplet has an intermediate velocity and SF, 

slug formation regime, i.e. the formation of a slug that disconnects from 

the upper part of the liquid, if the velocity is high. For a hydrophilic hole, if 

the droplet has low velocity it can wets the surface and pass through the 

hole, so a TI, total impregnation regime occurs; if the droplet has an 

intermediate velocity there is an air bubble formation between the 

droplet, B bubbling regime and, if the initial droplet velocity is high a SF 

regime occurs27.  

 

 

Surface wettability28 is another parameter that can affect the droplet 

dynamics. With the decrease of contact angle 𝜃 = 2 𝑎rctg (
2𝐻

𝐷
), the 

Figure 11|Sketch of the different regimes. 
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droplet is more easily captured, and there exists a critical equilibrium 

contact angle θeq when the Bond number and the orifice-to-droplet 

diameter ratio as well as the thickness of the plate are specified. For the 

case with θ > θeq, the droplet can finally pass through the orifice, otherwise, 

the droplet cannot pass through the orifice29. 

After impact the droplet can either be captured above the surface or it can 

pass the orifice. This behaviour can be normalized with the tg. Results from 

the literature observable in Fig.11 show that for a droplet of water/glycerin 

in a tank filled with silicon oil, for the smaller orifice with d/D = 0.54, the 

maximum asymmetrical deformation occurs at t=1.26tg, after which the 

droplet retracts backward. When d/D increases, the droplet deformation 

is smaller and, after t=1.26tg, the lateral interface retraction leads to 

further penetration of the drop fluid into and through the orifice23.  

Figure 12| Time sequence of a drop. 
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Then, regarding the plate thickness, if the thickness is high, the hole 

behaves as capillary. Results obtained from a droplet of water/ glycerin in 

a tank filled with silicon oil at fixed contact angles, Bond number and 

orifice-to-droplet diameter ratio, shows that for a thickness of 8mm the 

droplet can pass the hole and go out, instead, for a plate thickness of 

1.2mm the drop is not able to pass the hole29.  

 
 
 
 

 
 

Figure 13| Droplet through an orifice. 
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CHAPTER 3 

MATHERIALS AND METHODS 
Numerical simulations, firstly, and experimental test, subsequently, have 

been performed in order to determine the characteristics of the orifice 

geometry and to study the dynamics of a droplet exiting from an orifice. 

 

3.1 Simulations 
 

The process of drop impact is generally difficult to simulate because of its 

highly transient nature. The length scales the thin free sheets and thin wall 

films produced by drop impact are often several orders smaller than the 

initial drop diameter.  

Therefore, a reliable simulation of the drop impact phenomena requires an 

extremely fine numerical mesh. The geometry and a fine numerical mesh 

(Fig.14) have been defined in COMSOL Multiphysics by adopting an 

axisymmetric 30  geometry as reported in Fig. 14: 
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The physics of this phenomenon suggests that there are several 

competitive effects influencing the flow field during impact and the final 

outcome after the impact: gravity, viscous, inertial and surface tension 

forces.  

Therefore, to study meniscus formation and air-water interface, 

simulations were done in OpenFOAM. 

OpenFOAM (Open Field Operation And Manipulation)  is a C++ toolbox for 

the development of customized numerical solvers, and pre-/post-

processing utilities for the solution of continuum mechanics problems, 

most prominently including computational fluid dynamics (CFD). 

To study droplet meniscus formation and air-water interface, Volume-Of-

Fluid (VOF) simulations were done in OpenFOAM. 

In VOF method the transport equation (1) for the volume fraction of one 

phase is solved simultaneously with the continuity (2) and momentum 

equations (3):  

 

Figure 14| Axisymmetric geometry and mesh. a Representation of axisymmetric geometry with 
boundary conditions and b mesh generated by COMSOL Multiphysics. 

a b 

https://en.wikipedia.org/wiki/C%2B%2B
https://en.wikipedia.org/wiki/Numerical_analysis
https://en.wikipedia.org/wiki/Continuum_mechanics
https://en.wikipedia.org/wiki/Computational_fluid_dynamics
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𝜕𝛼

𝜕𝑡
+ 𝜵 ⋅ (𝑼𝛼) = 0 (1) 

 

𝜵 · 𝑼 = 0 (2) 

 
𝜕(𝜌𝑼)

𝜕𝑡
+ 𝜵 ⋅ (𝜌𝑼𝑼) = −𝜵𝑝 + 𝜵 ⋅ 𝑻 + 𝜌𝒇𝒃    (3) 

 

where U represents the velocity field shared by the two fluids throughout 

the flow domain, α is the phase fraction, T is the deviatoric viscous stress 

tensor {T=2μS-2μ(∇·U)I/3 with the mean rate of strain tensor 

S=0.5[∇U+(∇U)T], and I≡δij}, ρ is density, p is pressure, and fb are body 

forces per unit mass (gravity and surface tension effects at the interface)31. 

In VOF simulations the latter forces include gravity and surface tension 

effects at the interface. A relevant parameter is the phase fraction α that 

can take values ranging from 0 to1 (0 ≤ α ≥ 1), where 0 and 1 correspond 

to regions accommodating only one phase, e.g., α=0 for gas and α=1 for 

liquid. Accordingly, gradients of the phase fraction are encountered only in 

the region of the interface. 

In order to solve differential equations, the software needs some boundary 

conditions (see Fig. 14) such as:  

 

➢ outflow on the outlet boundaries; 

➢ axial symmetry on the axis of symmetry; 

➢ slip with a prescribed contact angle on the walls.  

 

Two immiscible fluids are considered as one effective fluid throughout the 

domain, the physical properties of which are calculated as weighted 

averages based on the distribution of the liquid volume fraction, thus being 

equal to the properties of each fluid in their corresponding occupied 

regions and varying only across the interface, 

  

𝜌 = 𝜌𝑙𝛾 + 𝜌𝑔(1 −𝛾)  (4) 
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    𝜇 = 𝜇𝑙𝛾 + 𝜇𝑔(1 − 𝛾)  (5) 

 

in which 𝜌𝑙 and 𝜌𝑔 are the densities of liquid and gas phase. 

One of the critical issues in numerical simulations of free surface flows 

using the VOF model is the conservation of the phase fraction. This is 

especially the case in flows with high density ratios, where small errors in 

volume fraction may lead to significant errors in calculations of physical 

properties. Accurate calculation of the phase fraction distribution is crucial 

for a proper evaluation of surface curvature, which is required for the 

determination of surface tension force and the corresponding pressure 

gradient across the free surface. The interface region between two phases 

is typically smeared over a few grid cells and is therefore highly sensitive to 

grid resolution. 

VOF simulations have been made on a water [13] droplet initially spherical 

(or equivalently ellipsoidal) with different initial radius (or major and minor 

axes) in an air domain. The physical parameters for the two phases 

necessary to solve the problem are reported in Tab.1: 

 

 
PHISYCAL PARAMETERS (WATER/AIR SYSTEM) 

Droplet Viscosity 0.001 Pa*s 

Droplet Density 1000 Kg/m3 

Surface tension 0.07 N/m 

Contact Angle 60° (1) 

Air Density 1 Kg/m3 

Air Viscosity 1,48* 10-5 m2/s 
Table 1|Physical parameter of water/air system. 

 

Also, the start/stop times and the time step for the run must be set. 

The run starts at t=0. For end time setting it is requested to reach the 

steady state solution where the flow is circulating around the cavity, so a 

value around 0.15 has been demonstrated to be sufficient.  At last, 
 

1 Value obtained with hesaglas sample provided by VUB. 
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timestep option specifies that results are written every nth time step 

where the value n is specified under the writeInterval keyword. 

Time values utilized in this study are reported in Tab. 2: 

 

 

startTime 0 

endTime 0.15 
writeInterval 0.001 

Table 2| Time intervals for simulations. 

 

At the end, ParaView has been utilized for visualizing data.  

 

3.2 SensApp set-up 
 
The pyro-electrohydrodynamic-jet (p-jet) is a radically innovative method 

that uses the pyroelectric effect to produce tiny droplets (down to about 

10-6pL). A pyroelectric slab is able to generate a charge density on the 

surface when subjected to a transient and slight temperature (T) gradient. 

The resulting electric field causes the ejection of tiny droplets from the 

mother drop. The p-jet draws daughter droplets directly from the meniscus 

of the mother drop pipetted by the operator on the loading support (e.g. 2 

μL), producing the smallest volumes. 

A schematic set-up configuration, called “top-down”, is reported in Fig. 15: 

 

Figure 15|Set-up configuration. 
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It is possible to observe that a mother drop of sample is loaded on the 

engineered μ-orifice of the loading support to form a thin liquid meniscus 

on the opposite face. A slab (reaction support) is functionalized by 

immobilizing the appropriate antibody (high density and high affinity with 

the antigen in sample), and faces the μ-orifice. A pyroelectric slab, 

functionalized by a point-wise thermal source aligned with the μ-orifice, 

works as source of the pyro-electrohydrodynamic jet (p-jet) that triggers 

the rapid dispensing of tiny daughter droplets onto the same site (‘μ-site’) 

of the reaction support. For simplicity, the antigen molecules in Fig.15 are 

fluorescent but, in realty, they are labelled by secondary reactions after 

stacking. 

Actual set-up of pyro-electrohydrodynamic system is similar to that 
reported in Fig. 10 with the μ-heater in the opposite position. 
As reported in Fig. 16, it is constituted by a μ-heater realized in Tungsten, 
a LN slide, a receiver amino substrate, and a loading support made by a 
polymer, such as PMMA with the μ-orifice. 
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The amino substrate is used in order to make the immuno-reactions 
happen. It is a commercial slide, produced by Arrayit Corporation, used to 
immobilize biomolecules in order to make microarrays.  
 

3.2.1 Heat transfer devices 
 

In order to generate the pyroelectric effect, it is necessary to apply a 
temperature gradient on LN slide. According to First Joule Law P=V·I, an 
electrical circuit has been used with the aim to obtain a thermal power. 
μ-heater (see Figure 17) has been fabricated in lab workshop with a 
Tungsten wire having 300μm diameter. The final shape is dictated by the 
need to have a pointed stimulus.  

Figure 16|Actual set-up of Pyro-EHD system. 

Figure 17| μ-heater. Top and side picture of μ-heater. 



 

31 
 

The electrical circuit is set by enabling the power supply (Lab. Grade 
Switching Mode Power Supply HCS-3300 in Fig.17) and a waveform 
generator (33220A Function / Arbitrary Waveform Generator, 20 MHz see 
Fig.17) is utilized to set a unit step function with assigned on and off times. 

 

 
The choice of a unit step function is governed by the necessity to have a 
predefined period in which the current passage is assured/enabled, and 
another period without current in order to activate and deactivate the μ-
heater with a fixed time lapse. The input function is a discontinuous 
function with zero values for negative arguments, corresponding to 
absence of current in the μ-heater and one for positive arguments, 
matching the current passage.  
 
 

 

Then a fan cooler is positioned in the bottom part of the set-up.  
 
 
 

Figure 18| Power supply and waveform generator. 

Figure 19|The unit step function. 
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CHAPTER 4 

RESULTS 
The aim of this chapter is to report the results of simulations and 
experimental results starting from which it has been possible to give 
geometric characteristic to the device. Then based on these results, other 
tests have been performed in order to refine the set-up with the purpose 
to observe droplets formation. 

4.1 Device geometry 
Steady-state simulations have been performed by replacing the droplet 

dynamics in order to observe the thickness of drop meniscus and set the 

geometric parameters.  

The general scheme for geometry is reported in Fig. 20, then, with a fixed 

contact angle (θ) of 60°, changes/variations have been applied to: 

➢ channel radius; 
➢ channel height; 
➢ channel inclination angle; 
➢ orifice and upper substrate wettability. 
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A summary of the simultaneous variables’ changes applied to the initial 

geometry is reported in Tab.3: 

Channel 
inclination 
angle α [°] 

 

Channel height 
 

H [mm] 

Channel radius 
 

R [mm] 

Droplet radius 
 

R [mm] 

1 1 [0.25; 0.5; 1] [1; 1.5; 2; 2.5] 

1.5 0.5 [1; 1.5; 2] 

5 1 0.5 [1; 1.5; 2; 2.5] 

1.5 0.5 [1; 1.5; 2] 

10 1 0.5 [1; 1.5; 2; 2.5] 

1.5 0.5 [1; 1.5; 2] 

20 1 0.5 [1; 1.5; 2; 2.5] 

1.5 0.5 [1; 1.5; 2] 

30 1 0.5 [1; 1.5; 2; 2.5] 

1.5 0.5 [1; 1.5; 2] 

40 1 0.5 [1; 1.5; 2; 2.5] 

1.5 0.5 [1; 1.5; 2] 
Table 3| Simulations parameters. 

Figure 20| Input geometry. 
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4.1.1 Droplet meniscus shape as a function of the geometry 

First of all, in order to set the initial droplet shape, two simulations have 

been done, respectively, with a spherical and an ellipsoidal drop having the 

same initial volume passing through a channel with radius 0,5mm and 

height 1mm. 

In the following figure, on left is reported the spherical case and on right 

the droplet with ellipsoidal initial shape; upper images represent the initial 

instant (t=0) and in the bottom images are reported final instants once a 

steady-state is attained. 

 

 

The results reported in Fig.21 show that the meniscus shape is the same so 

this suggests that is equivalent to simulate a spherical or an ellipsoidal 

initial droplet. 

After that, in order to provide a visual feedback of the Tab.3, some 

simulations results have been reported by fixing the channel radius and 

height and varying the inclination angle for two droplet radii: 

Figure 21| Meniscus of spherical and ellipsoidal droplets. 
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➢ Firstly, the effect of inclination angles variation has been tested on a 
geometry with characteristics reported in Tab.4: 
 

 

 

 

 
 
 
 
 
 
 
For: 
1. Droplet radius 1mm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Inclination 
Channel 

 [°] 

Channel radius 
[mm] 

Channel height 
[mm] 

1  
 

0,5 

 
 

1 
5 

10 
20 

30 
40 

Table 4 

α=1°        α=5°          α=10°       α=20°        α=30°        α=40°        
         
        
        
        

Figure 22| Droplet radius 1mm. Initial (up) and final (down) snapshots, respectively, for drop 
dynamic through a channel with r=0,5mm, h=1mm and an increasing α. 
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Acceptable menisci are the last three cases since the droplet does not 

become larger than the orifice dimension. 

 

 

 

 

 

 

 

2.Droplet radius 2mm 

 

α=1°          α=5°        α=10°       α=20°       α=30°        α=40°        
         
        
        
        

Figure 23| Droplet radius 2mm. Initial(up) and final(down) snapshots, respectively for a drop 
dynamic through a channel with r=0,5mm, h=1mm and an increasing α. 
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When droplet has an initial radius of 2mm, based only on a visual 
observation, it could be said that all the channel inclination angles are able 
to generate an acceptable meniscus shape. 
 

 
 
 
➢ Changes have been imported to geometry:  

 

 

 
 

 
 
 
 
 

 

Inclination 
Channel 

 [°] 

Channel radius 
[mm] 

Channel height 
[mm] 

1  
 

1 

 
 

1 
5 

10 

20 
30 

40 
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 1.Droplet radius 1mm 

 
 

In the case in which the channel radius has the same dimension of the 
droplet radius, since the channel is subjected to an inclination, it happens 
that the upper orifice radius is bigger than the droplet so the droplet goes 
down through the channel without the need to set on the electric field. 

 
 
 

α=1°           α=5°           α=10°        α=20°         α=30°         α=40°        
         
        
        
        

Figure 24| Droplet radius 1mm. Initial(up) and final(down) snapshots, respectively for a drop 
dynamic through a channel with r=1mm, h=1mm and an increasing α. 
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2. Droplet radius 2mm 

 

 
 
A different situation happens when the initial droplet radius is 2mm, so 
bigger than the orifice radius. In this case, whatever the channel inclination 
is, the droplet goes through the channel and exhibits a meniscus too big, 
so this case cannot be useful. 
 
 
 

α=1°         α=5°        α=10°       α=20°        α=30°         α=40°        
         
        
        
        

Figure 25| Droplet radius 2mm. Initial(up) and final(down) snapshots, respectively for a drop 
dynamic through a channel with r=1mm, h=1mm and an increasing α. 
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➢ Then, by changing the geometry other investigations have been 
made: 

 
Inclination 

Channel 
 [°] 

Channel radius 
[mm] 

Channel height 
[mm] 

1  
 

0.5 

 
 

1.5 
5 

10 

20 
30 
40 
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1. Droplet radius 1mm 

 

 

When the channel is stretched but with small radius, the channel 

inclination angle is a critical parameter. 

In this case just α equal to 10° and 30° is able to provide a right meniscus 

shape. 

 

 
 

α=1°           α=5°          α=10°         α=20°        α=30°        α=40°        
         
        
        
        

Figure 26|Droplet radius 1mm. Initial(up) and final(down) snapshots, respectively for a drop 
dynamic through a channel with r=0,5mm, h=1,5mm and an increasing α. 
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2.Droplet radius 2mm 
 

 
By increasing the droplet radius, more interesting situations can be 
observed. In this condition significant menisci shapes could be observed 
when α assumes values of 1°,5° and 40°. 

 
 
 

α=1°           α=5°           α=10°         α=20°         α=30°         α=40°        
         
        
        
        

Figure 27| Droplet radius 2mm. Initial(up) and final(down) snapshots, respectively for a drop 
dynamic through a channel with r=0,5mm, h=1,5mm and an increasing α. 
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A measure of the meniscus thickness is necessary to establish which are 

the best/right geometric characteristics. These estimations have been 

made with ImageJ program by measuring T segment reported in Fig.28: 

 
Hence different menisci have been selected to make meniscus thickness 
measurement. 
 

i. Channel dimensions:    radius = 0.5mm 
height = 1mm 

 
Table 5| Menisci thickness. Menisci thickness measurements for channel radius 0.5mm and 

channel height 1mm. 

Droplet radius 1mm Droplet radius 2mm 

α=1° α=40° α=1° α=40° 

    

Figure 28| Meniscus thickness. 

T=0,75mm T=0,079mm

m

T=0,147mm T=0,083mm 
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ii. Channel dimensions:    radius = 1mm 
height = 1mm 

 
 

Droplet radius 1mm Droplet radius 2mm 

Ɐ α value α =20° 

 
 
 
 
 

No meniscus 
thickness 

measurement 
because droplet 

exits from the orifice 

 
Table 6| Meniscus thickness. Meniscus thickness measurement for channel radius 1mm and 

channel height 1mm. 

 
 
 
 
 
 
 
 
 
 
 
 
 

T=1,74mm 
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iii. Channel dimensions:  radius = 0.5mm 
Height = 1.5mm 

 
Droplet radius 1mm Droplet radius 2mm 

α = 10° α = 5° α = 40° 
 

 

  

Table 7| Menisci thickness. Menisci thickness measurements for channel radius 0.5mm and 
channel height 1.5mm. 

 
 

Since SensApp objective is the detection of small volume droplet, a 
meniscus thickness around 100 μm is the desired condition.  
Based on this assumption and desiring to start with as small as possible 
droplet volume (that means small droplet radius), it can be concluded that 
the best meniscus thickness measure has been obtained in case of a 
droplet with 1mm radius goes through a channel with radius 0.5mm, height 
1mm and inclination angle 40°. 
Therefore, considering simulations results, the fabrication of a PMMA slide 
with an orifice having 0.3mm radius and inclination angle about 40° has 
been requested to VUB partner. 
 

T=0,104T=0,104mm

m

T=0,089mm T=0,079mm 
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4.1.2 P-jet test in orifice  
Droplet behavior through 0.3 mm radius, 2mm height and α 47° (real value 
of VUB orifice) orifice has been investigated firstly with numerical 
simulations, then with experimental study under pyroelectric field.  
The dynamics of the droplet, the shape of the meniscus and the formation 
of daughter droplets are analysed. 
 

4.1.2.1 Simulation results 

In this section data analysed with ParaView are reported.  

The following figure 29 shows the simulation results for the mother drop 

with radius 2.6mm (the dimension of the droplet has been set in order to 

avoid it is smaller than the upper orifice radius). The upper row shows the 

initial condition, whereas the bottom row refers to the final configuration 

once the meniscus is equilibrated (even if the steady state has not yet been 

reached). 

 

Figure 29| Droplet radius 2.6mm. Initial(up) and intermediate(down) snapshots, 
respectively for a drop dynamic through a channel with r=0,3mm, h=2mm and α=47°. 
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As said before, in red is represented the water phase and in blue the gas 
phase, while the interfaces show an intermediate colour. Then, concerning 
the meniscus, the desired thickness about 100 μm is obtained.  
 

4.1.2.2 Laboratory tests 
Liquid dispensing from the orifice in a plastic plate (PMMA) under 
pyroelectric field is the first and foremost task of SensApp. Hereby, the 
results of experimental study of the liquid droplet within the orifices made 
by VUB group with pyroelectric field applied are summarized.  
Using a loading support with μ-orifice large 0.3 mm radius furnished by 

VUB group, various kinds of samples with different surfactants have been 

investigated and they are reported below in Table 4: 

 

 

 

SAMPLES 

 β-amyloid 

concentration  

[=] µg/ml 

Labels 

1 β-Amyloid in distilled water 50 β-Amy 

2 β-Amyloid &Triton 0,04% 

solution 

50 β-Amy/Triton 

3 β-Amyloid &Tween 0,04% 

solution 

50 β-Amy/Tween Low 

4 β-Amyloid &Tween 10% 

solution 

50 β-Amy/Tween High 

5 β-Amyloid & Glycerol 10% 

solution 

50 β-Amy/Glycerol 

6 β-Amyloid & DMSO 1% solution 50 β-Amy/DMSO 

Table 8|Samples. Samples analysed under p-jet. 
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The following figure shows the experimental results for cases listed 

above: 

 

 

 

 

 
 

❖ β-Amyloid in distilled water experiments have been performed two 

times obtaining different results: 

1. No effect of the electric filed on the mother drop; 

2. Stable liquid bridge; 

     β-Amy  

a 

β-Amy/Triton 

c 

β-Amy/Tween 

Low 

e 

 

β-Amy/Tween 

High 

           

 

 

            g 

β-Amy/Glycerol 

             h 

 

β-Amy/DMSO 

l 

            b 

 

            d f 

 

 

              i             m 

Figure 30| Experimental results. Initial and final snapshots of the experiments results. 

300μm 
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3. β-Amyloid & Triton 0,04% solution under the application of an 

electric field responses with a stable liquid bridge; 

4. β-Amyloid &Tween 0,04% solution under the application of an 

electric field responses with a stable liquid bridge; 

5. β-Amyloid & Tween 10% solution behaves in a different way it 

spontaneously empties the reservoir before the application of 

the electric field; 

6.  β-Amyloid & Glycerol 10% solution, no effect of the electric 

filed can be appreciated on the mother drop; 

7. β-Amyloid & DMSO 1% solution, no effect of the electric filed 

can be appreciated on the mother drop. 

 

The meniscus morphology obtained in the simulation shown in figure 29 

appears in good agreement with the experimental results shown in figure 

30 a. A measurement has been done with ImageJ; in both cases meniscus 

thickness is ∼35μm. 

The bridge formation under the electric field action appears to be strictly 

related to the meniscus thickness: thicker meniscus produces larger 

bridges.  

In conclusion, it is possible to say that the numerical simulations help to 

understand the droplet dynamics exiting from an orifice. 

The physics of this phenomenon dictates that there are several competitive 

effects influencing the flow field: gravity, viscous, inertial and surface 

tension forces. As expected, dealing with capillary tube, the surface tension 

is the prevalent force.  

To support this thesis the relationship between the gravity force and the 

surface tension has been defined by evaluating the Bond Number25 : 
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𝐵𝑜 =
𝛥𝜌𝑔𝐷2

𝜎
 

 

where 𝛥𝜌 = 𝜌𝑑 − 𝜌𝑠 is the difference between the droplet and the 

surrounding densities; 𝑔 is the gravity acceleration; D is the droplet 

diameter and σ is the surface tension. 

Since investigated samples can be considered as similar as water (see 

Report on Viscosity Measurements, Eng. Simona Itri), an analysis on water 

droplet positioned on 0.3mm orifice radius surrounded by air has been 

performed with the following data:  

𝜎 = 0,07
𝑘𝑔

𝑠2    𝑔 = 9,81
𝑚

𝑠2  𝜌𝑑 = 1000
𝑘𝑔

𝑚3     𝜌𝑠 = 1
𝐾𝑔

𝑚3 

𝛥𝜌 = 999
𝑘𝑔

𝑚3  

 

By considering an initial droplet volume of 2μL, droplet diameter can be 

estimated: 

𝑉𝑑 =
4

3
𝜋𝑟3 

𝑟 = √
3 𝑉𝑑

4𝜋

3
= 0,78𝑚𝑚 →  𝐷 = 1,56𝑚𝑚 

 

Hence the Bo number can be evaluated:      

   

𝐵𝑜 =
𝛥𝜌𝑔𝐷2

𝜎
= 0,34 

 

It means that 𝐹𝑔 = 0,34𝜎, so the surface tension is the prevalent force 

(𝜎 > 𝐹𝑔). 

Therefore, numerical predictions and experimental simulations are an 

optimal tool to analyse dynamics of a droplet exiting from an orifice. 
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According to the main results discussed in this report and those previously 

obtained by home-made orifices (see Report on home-made orifices, 

Volodymyr Tkachenko (Researcher CNR)), it can be concluded that it is not 

necessary proceed with larger VUB orifice (diameters equal to 1.02, 1.0, 

0.88 mm) but with those one having smaller dimensions (diameters equal 

to 0.4, 0.3, 0.2 and 0.1 mm). 

In conclusion it can be said that the formed volume exiting from the orifice 

has the dimensions/diameter of the orifice. Therefore, based on tis 

consideration, since SensApp long-term goal is highly sensitive detection of 

low abundant molecules and since this investigation leads to observe that 

there is bridge formation, incoherent with concentrated droplets, it can be 

concluded that, in order to obtain a pointed meniscus, two ways can be 

adopted: 

▪ smaller orifice; 
▪ microarray pin.  

The first solution is currently work in progress by VUB partner; the second 

alternative has been investigated, as usual, with simulations and 

laboratory tests. 

 

4.2 Droplet formation 
The choice to resort to a device including microarray printing pin has been 

dictated by the necessity to have a pointed meniscus and by considering 

that the charge density growing at a smaller radius of curvature, so a 

commercial solution with microarray pin has been tested. 

Conventional use of printing pin is characterized by a contact between pin 

and substrate, instead this innovative technique overtakes this method 

exploiting p-EHD effect. 

Therefore, a microarray pin with a capillary channel provided by VTT 

partner and fabricated by Arrayit has been used.  

 

 

 

 



 

52 
 

 

 

4.2.1Printing pin geometry  
 

A picture of pin and the relatively geometry are reported in Fig.31: 

 

 

 

It is constituted by two parts: the shaft, made out of 440-C stainless steel, 

and the collar, made out of 303 stainless steel32.  

Dimensions measurements have been obtained by acquiring images with 

Zeiss microscopy.  

 

 

 

  

Figure 31| Printing pin. 
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4.2.2 Simulations 
 

Simulations of droplet dynamics through the orifice in which a pin is 
positioned have been made with a different geometry having 0.5 mm 
channel radius, 0.3 mm channel height and by varying the initial pin 
position.  
Since nowadays OpenFOAM simulations are performed without the 

electric field application, for sake of simplicity the presence of channel in 

pin is neglected.  

 

 

 

In order to generate an extremely fine mesh in COMSOL Multiphysics pin 

surface has been subtracted to the entire geometry as reported in Fig.33: 

Figure 33| Mesh for geometry with printing pin. 

Figure 32| Geometry with pin. 
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Simulations have been made on a water droplet with the characteristics as 
reported in Tab.1 but with different value of contact angle. In the current 
situation two contact angles must be considered: 

• contact angle water/pin=60°; 

• contact angle water/substrate=77°. 

 

Simulation output performed on pin crossing the channel shows that water 

droplet is not able to reach tip pin. This suggests that the pin needs to stay 

over so that only the final part of the tip cross goes through the channel. 

 

 
 

Figure 36|Simulation output. 
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4.2.3 Experimental tests 
Laboratory tests have been performed in order to understand if the 

presence of printing pin in the orifice is able to change droplet dynamics 

under electric field.  

Printing pin reported in Fig.31 has been mounted in the orifice after sample 

loading. 

 

4.2.3.1 Voltage and step function settings 
A preliminary investigation about the voltage value needed to have droplet 

dispensing together with the necessity to avoid Tungsten incandescence 

has been performed, followed by an investigation on time interval for 

current passage in Tungsten μ-heater necessary to have receiving 

substrate temperature between 25°C and 36°C (critical temperature value 

to avoid protein degradation).   

In order to perform such tests, an initial voltage value and time interval 

have been set, then Tungsten incandescence and droplets jetting have 

been observed.  

To set the time interval, a step function like that reported in Fig.30 has been 

utilized, where “ON time” represents time lapse in which current passes 

through the Tungsten wire, “total time” is the time interval of each event 

and “OFF time” = total time – ON time is the time lapse between each 

current stimulus. 

 

 

Figure 35| Step function. Total time and ON time representation. 
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In the following table tests results are schematized: 

 

Voltage 
[V] 

ON time 
[s] 

OFF time 
[s] 

Total time 
[s] 

Incandescence Droplet 
formation 

 
2.4 

3.0 57.0 60 ✓ ✓ 

1.5 58.5 ✓ X 

2.2 3.0 57.0 60 ✓ ✓ 

 
2.0 

 

5.0 55.0  
60 

✓ ✓ 

3.5 56.5 ✓ ✓ 

3.0 57.0 ✓ X 

1.6 3.5 56.5 60 X ✓ 

 

 
1.5 

4.0 56.0 60 X ✓ 

3.5 56.5 X ✓ 

Table 9| Laboratory materials setting. 

 

Results summarized in Tab.8 suggest that the optimal conditions to have 

droplets formation without μ-heater incandescence by using set-up with 

printing pin are: 

 

 

Voltage 
[V] 

ON time 
[s] 

OFF time 
[s] 

Total time 
[s] 

1.6 3.5 56.5 60 
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4.2.3.2 Laboratory results 
 

By adopting voltage and time intervals values demonstrated optimal in the 
previous analysis, laboratory tests with printing pin have been performed. 
The observed phenomenon can be summarized as shown in Fig.36:  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Three images have been selected representing three times instants: 
1) Initial instant: just the cable pin is observable; 
2) Droplet deposition instant: the phenomenon of droplet deposition 

occurs; 
3) Droplet deposited: on the substrate deposited droplet can be seen. 

 

This configuration has allowed to carry out experiments by making twenty 
jets (which means twenty droplets deposition) for each pointed site.  
Two samples with different β-Amyloid concentrations (500pg/mL and 
50ng/mL) in distilled water have been analysed.  
Subsequently acquisition from Fluorescence Scanner has been performed 
in order to study the signal intensity.  In figure 37 are reported the 

Figure 36| Droplet deposition by pyro-electro-hydrodynamic jetting. 

1 2 3 
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Fluorescence Scanner output, in which the columns represent the two 
samples and the rows are the repeated experiments for each sample. 
 

  

As showed in figure 37 samples printed with printing pin by applying pyro-
electro-hydrodynamic effect is able to produce an interesting and 
important signal.  

Figure 37| Fluorescence Scanner output. 
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4.2.4 Wettability tests 

Last investigation is about the influence of orifice wettability on the droplet 

dynamics.  

In order to do this, two contact angles (θ) values between water and orifice 

substrate have been simulated: 

• θ=77°; 

• θ=15°. 
 

 

 

 

Figure 37|Simulations output. Output of simulations with a contact angle 77° and b contact angle 
15°.  

b a 
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This analysis was useful to affirm that with the aim to have a pointed 

meniscus, so the formation of droplets with small volumes, is necessary to 

use a starting substrate (equivalently an orifice) with a contact angle about 

70°. 
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CHAPTER 5 

CONSLUSIONS AND 

PERSPECTIVES 
Actual set-up, showed in Fig.13, derives from the need to build a device for 

routine analysis that allows the operator to easily load the sample.  

SensApp goal is the jet of droplets with small volumes, so a protruding 

meniscus exiting from the orifice is needed.  

Studies performed with Software simulations and experimental tests on an 

orifice with 0.3mm radius and 47° inclination angle show that the results 

are in agreement, but the bridge connecting the two substrates is not the 

required situation, since it is not coherent with the desired concentrated 

droplets. 

Therefore, in order to obtain a pointed meniscus, two ways have been 

proposed: small orifices or the integration of printing pin in the orifice. The 

first solution is a work in progress alternative, instead the other one has 

been tested and it has given promising results.  

In conclusion an optimal jetting effect was observed in tests with the 

printing pin and droplet with the same tip pin dimensions (around 25μm) 

have been printed. 

The main purpose of this thesis work has been to demonstrate that 

simulations are a good tool to predict the droplet dynamics through the 

orifice since all simulations results are in agree with laboratory tests 

results. 

Nowadays the entire protocol with immuno-reactions have been 

performed by using solutions having β-Amyloid concentration till 500 

pg/ml. Signal analysis done with Fluorescence Scanner showed interesting 

results, so the next step is to go down till 1 pg/ml β-amyloid concentration. 
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Regarding the mathematical simulation aspect, future investigations could 

be performed by introducing electric field in OpenFOAM simulations.  
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