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Introduction

This thesis work arises from a collaboration between University of Naples
Federico Il and the Institute of Applied Sciences and Intelligent Systems
belonging toNational Council of Research (CIASI) on a European
project, SensApggrant agreemeniNo 829104), financed by the European
LYA2YQa | 2NRT 2y HnHn NBaSEkNOK FyR
The project, in which six partners are involve&liNR Vrije Universiteit
BrusselVUB Johannes Kepler University LigKl Technical Research
Centre of Finlan&/TT Centro Neurolesi Pulejo Messina, Gin@i$y, has
the aim to develop a supesensor device able to give an early diagnosis of
GKS 'fT KSAYSNR&A RAaSFHaS o0& | &AYLIX
¢KS ' fT KSAYSNR&A RAaSrasS 6!'50 Aa
neurodegenerative disorder, which leads to death. It represents the main
cause of dementia in thelderly population, with a great socEconomic
impact in the worldwide community. Estimates vary, but experts evaluated
that nowadays around 30 millioof people are affected by AD and, taking
into account the increase of life expectation, this commynstlikely to rise
to about 150 million people by 2050. The current guidelines for clinical
diagnosis of AD establish the determination of specific protein biomarkers
(Amyloidbeta, tau, Ptau) in cerebrospinal fluid (CSF) through ELKRA
and positronemission 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 follemp 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 500 pg/mL. Therefore, by the time it is recognized,
the disease habeen progressing for many years. In this framework an
early diagnosis of AD is crucial for saving lives.
SensApp aims at developing a supensor system that, pushing the
sensitivity well below 1 pg/mL, will be able to detect the AD biomarkers
(Amyloidbeta, tau, Ptau) 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 nmvasive early diagnosis of AD
simply through a routine blood test, thus eping the route to highly
efficient screening programs among the population

The contribution of this thesisvork is to give reliable dimensionand
geometryshapefor the device channelregionin which the blood sample
will be loaded, by simulating the dynamic¥ fluid through an orifie in
order to choose the size giving thinrdnop meniscus shap&ubsequently
laboratory tests have beenperformed to have a compans between
simulated and realistic resultand to study the fluid behaviour under the
electric field.

Therefore the elaboate is so structured: a state of art regarding
microfluidics aid, infget printing devices, pyreelectro-hydro-dynamic
effect and droplet dynamics through an orificentroduces the
investigation,then the mathematical model for dynamics simulation is
exphined, finally simulation and experimental results are presented with
relative consderations.



CHAPTER 1

PYRGELECTRAYDRO
DYNAMIC EFFECT

There is rapidl increasing research interest focused on manipulating and
dispensing tiny droplets in nanotechnology and biotechnologyaso
continuouslyincreasing demand for specific tools fthre deposition of
ultra-smallquantities of materialat preddined locationdhasemerged

The ability to fabricate complex microfluidic architectures has allowed
scientists to create new experimental formats for processing tdirell
analytical volumes in short periods and with high efficiency. The
development of such microfluid systems habeen 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, ultdaw fabrication costs, reduced analysis
times, enhanced erational 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. Thdirst is
characterized byconstant, regular, continuedlow flowing in closed
channels Continuous flows of liquid are pumped by either mechanical or
electrokinetic means and changes of the pressures or eldetvoltages

are allowed It allowsto manipulate the continuous flow of liquid through
microchannels thanks to devices such as extepnegsure pumpsr
integrated mechanical micropumps.


https://www.elveflow.com/microfluidic-flow-control-products/flow-control-system/high-accuracy-pressure-pumps/

Then digital microfluidigsdso calleddroplet microfluidicsis 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 ar acoustic forcesDigital microfluidics shows a clear analogy with
traditional benchtop protocols, and a wide range of established chemical
protocols can seamlessly be transferred to a pioslib nanolitre droplet
format. Digital microfluidics@®MB indudes all the standard advantages of
conventional microfluidigsfurthermore, 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 saip depends on the substrates
used, the eleabdes, the configuration of those electrodes, the use of a
dielectric material, the thickness of that dielectric material, the
hydrophobic layers, and the applied voltag& common substrate used i

this type of system is glass. Dependirtgeafsystem is open or closed, there
would be either one or two layers of gla3$e bottom layer of the device
contains a patterned array of individually controllable eleceedThe
dielectric layer is found around the electrodes in the bottom layeref t
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 theidace energyn whichthe droplet will actually

be in contact with. The applied voltage activates the electrodes and allows
OKIy3aSa Ay GUKS gSGidloAtAGe 2F RNER
move a droplet, a control voltage is applied to an alede 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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Figure 1| Digital microfluidics device seup.

Based onthis configuration different dispensing methods have been

developed

For examplesomeapproaches make use of electrohydrodynaieiting,
which involves a tube with a meniscus beariagTaylor cone profile
spraying a fine jetother are based orpulsed electrohydrodynamic liquid
jetting to obtaindroplets on-demand withsizes much smaller than that of
the delivery nozzleor microcapillay nozzles to havéiigh resolution
electrohydrodynamic jet printingor againdrop-on-demand printing of
conductive ink has been obtained by the applicatioelettrostatic fields.

All these electrohydrodynamic techniquesprovide submicrometre
droplets am have the flexibility to pattern fragile organics or biological
materiak by application of electric potential between the nozzle and the

substrate for droplegeneration.

The field leads to accumulation of the mobile ions in the liquid near the
surface Electrostatic interaction between ions creates the conical shape of
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when the electrotatic stresses overcome the surface tension.
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Figure 2|Schematic diagram of the electrohydrodynamic printing system with a nozzle

Three features of EH[@t printing allow abieving 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) Ej¢Dgenerated droplets
can be significantly smaller than the nozzle diameter; (3) electric field
focusng decreases the lateral Nations of the droplet positiorfs

However these devicesequire the arrangement of appropriate electrodes
andhighvoltage circuitsMoreover, the fabrication of the capillary nozzles
IS very sophisticated and may be subject to cross contamination.

1.2 PyreElectroHydro-Dynamic effect
Recently, a nevapproach for liquid dispensing and patterning exhigt
the pyroelectohydrodyname effecthas been demonstratedit has the
advantages of being electrodess and nozziess, and furthermore using
this method liquid printing with attolgr drops resoluion has been
obtained.
In order to understand how thisystem works it is well to explain some
concepts related to pyr&HD functioning.



1.2.1 Pyroelectricity
Pyroelectricity is a property of particular materials which exhibit a
spontaneais polarization that depends on the temperatufe This
property depends on the molecular structure of the material: a @jeotric
solid has inner dipoles, due to the presence of cations or anions in the
structure®. In equilibrium conlitions (constant temperature), each dipole
has its orientationand 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
strengh (therefore, the polarity) and, consequentially, a charge
displacement on the material surface, i.e. an electric currdhtis
important to underline that, if the material remains at the same
temperature, after it has undergone to a thermahnation, the inner
domains work to recover an equilibrium, crowding the charges on the
external surfaces, reinstating the starting gokation and setting to zero
the electric field. That means just a thermal gradienaible toinduce an
electric curren 8. It could be compared t@ thermoelectrical material
that, once heated, produces an electric current and a ablectrical
potential, due to the inner displacement of electrons and h¥jlesit a
pyroelectric material attracts electrons from the external ambient, rithes
to compensate the exceed of charges occurred on the sutface
A pyroelectric material can be either a cerapacpolymeror a crystal.
Between crystalghere isLithium Niobate (LiNb®@'°) on whichthe interest
has ben focused
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1.2.2 ElectreHydro-Dynamic effect
The electrohydrodynamic effectonsists otcharge displacemennduced
in the liquid due to the electri@ield that employs attractive and repulsive
forces with the liquid molecules® > . The esult consists on the

deformation of the liquid drop that assumes a conical shape, known as
¢ | & f 2 NRYRig.3jdReftida charges accumulation at the interfate
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forces generated by the surface tensidorce and the external electric
force density®®. In other words, an equivalence between a teriy,
relative to the surface tension contribute, and a tei@Qrelative to the
electric external stimulus, Isato be reached® .
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1.2.3 The combined effect (Pys#&HD)
If the electric field that actates the EHD phenomenon is generated by a
pyroelectric crystal, the combined effect is definpgiro-electro-hydro
dynamics(pyro-EHD® 1) and allows to manipulate liquids or polymeric
solution without the use of electrodedn Fig4 the setup realized for
classic pyreeHD printings reported:

a /T b

Infrared laser |CO, Y Hot tip 4

Drop reservoir

Figure 4] Pyroelectrohydrodynamic dispensea. Microfluidics device heated with infrared las:
b. with hot tip of soldering iron.

The system is constituted byto plates and a heat source. The heat
sources
could be a norcontact infrared beam (continuousave CO2 laser emitting
at 10.6 mm) or a hot tip of a conventional soldering iron, acting as a contact
stimulus (Fig. 1&y). Amicroscope glass slide forms thase of the liquid
reservoir (which could be a drop or a film), and the LN crystal wafart(z
optically polished and 500 mm thick) acts as an auxiliary plate that drives
the process and acts as a substrate for the disgenliquids 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
D250°Q. At equilibrium, the spontaneous polarizatiogd? the LN crystal
is fully compesated by the external screening charge, ahdre isno
electric field'8. According to the pyroelectric effect, theemperature
changenT causes a variatignPs, which builds up an electric
potential acoss the z surfaces. Neglecting the losses, a surface charge
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density” TP.nT appears locally when the tip heats the crystdiere Pc is
the pyroelectric coefficient
The dispensing is gled by the pyroelectric field that induces a charge
displacementorii KS f AljdzZA R &adzNF I OST (KS NBa
cone!® 2°shape until the attractive (or repulsive) force exerted toward the
crystal gets start the dispensing ofoghs or fibers, in order to produce
drops arays or patterns.
For a fixed drowolume,a critical value bfor the distance D between the
base and the substrate can be defined according to the following
equatiorr:

O ) T .
where isthe contact angle and V the volume drop reservtiD<2za
stable liquid bridge is established (Fa@) if, instead, D>fa stable liquid
bridge cannot be established between the plates and a liquid stream

regimeoccurs (Fid b, c)'6.
p p— L
Liquid o

bridge .
Glass Almond oil Almond oil ‘

Figure 5| Pyroelectohydrodynamic dispensinga, Liquid bridge obtained whebis shorter than
the critical distancee, f, shooting of almond oil anBDMS (PDMS hasontinuous blasting con
due to its higher viscosity).

This instability is interesting to break up theguid reservoir ando dispense
droplets.
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Figure 6| Dispenseal sequencesSequence of almond oil shots taken from a fdtimulated by ho
tip (@) and from a sessile dragtimulated by IR laseb).

In figure 6 are reported two sequences of liquids shooting for a film
stimulated by a hot tip (Figga) and by infrared laser pulses (Fip). The
dynamic evolutions show that the reservoir first deforms iatoonical tip,

with a height that increases under the pglectrohydrodynamic force, and
thenito SKIF gSa a | WRAaALISYyaAy3d FdzyQ i
the electric field vanishes.

¢tKS LEBNRSt SOUNRPKERNRREYIFIYAO WRAAI
functionalities. The shooting direction can be changed within mlevsolid

angle (Figra) by moving the thermal sourcedttip or laser beam). In fact,

the regions with highest electric fields follow the thermal source
displacement.
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Figure 7|Functionalities of the dispensing gun.

Larger agles induce the drop reservoir to translate durisigooting and
dispense to different location@rop in Fig7b and film in FigZc). The drop
reservoir moves only beyond a certain threshold angléact, when the
drop undergoes the maximum asymmetrickformation under the off
axis electric force, theolid-liquid surface tensions are no longer balanced
and a resulting force moves the drop (Fif). The dispensing gun moves
more easily in the case of the film reservoir (@), because no sokkhuid
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 continuo&lgh
droplets could be collected and managed into &mfluidic 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 regiéns

1.2.4Dispenselimprovement
These results show the possibility of drawing and dispensing sgugbles
from a dr@ or film reservoir onto a functionalized substragach as LN,
with intriguing functionalities. However, the depositiohdroplets directly
onto the warm LN wafer causespreadingof the liquid due to the
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electrowetting effect caused bthe uncompensatedhargesgenerated

pyroelectrically on the crystal surfac®loreover, the deposition of
droplets onto chips other than the LN plate is desirable tbe

pyroelectrohydrodynamic dispenserastherefore improved according to
the scheme presated in Fig8:

a Thermal Dispensed

imul
Substrate stimulus v pendant droplets

" -~

DL, D - - =
- - - -
- - - -

S
Mechanical
scanning Drop
reservoir

Glass

LN

Figure 8| Improved setup.

There are three macrsystems composing that setup: a heating system, a
moving stage system and a monitoring system. The heating source, which
can be a norcontact infrared beanor a hot tip of conventional soldering
iron, is in contact with an auxiliplate of LN wafer. The liquid reservoir is
arranged on a glass substrate in front of a second glass substrate,
representing the receivesubstrate mounted onto a three axes traatbn
stage, in contact with the LN crystal and on the same line of théirgea
source. The moving stage system is made up of a high precision linear
motor, with an XY axis and a digital motion controller. The monitoring
system consists of a highégnsitve and fast camera, an optical zoom lens
and a blue LED light source. Tl system is used in order to monitor the
conejet mode and jetting status.

This new configuratiorallows the dispensing gun tde able to print
different liquid patterns consisting of separate droplets (with different
distances and periodskontinuous lines by controlling the translation

direction and speed of the subiate and liquid droplets and lines with
16



highly regular diameters and gths and according to a wide variety of
geometries.in the following figure are reported some examples:

Figure9| Geometries printed by inproved setup.

The printing process hasather intriguing functionality consistg in the
simultaneous streaming of adjacent drop reservoirs with different volumes
by the same thermal stimulus. A sort of mudispensing process is
obtained that leads to the formation of parallel lines of droplets of two
different diameters.

The major imitation 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 crystahducing a consequent limitation on thicknesses
and geometric constrain of the receiving strate.

17



1.2.p Forward pyroelectrohydrodynamic printing
The problem of the distance is exceeded itovel configuration proposed:
the novelty consists in the placement of the receiving substrate in front of
the drop reservoir and of the crystal

Heating source -

LN crystal
Glass %

0
]

>

Dmax limitless

Printing target | v

Figure 10| Forward pyro-electrohydrodynamic printing.

This method for direct printing of visms polymers based on a pyro
electrohydrodynamic repulsion systems capable of overcoming
limitations on the material type, geometry and thickness of the receiving
substrate

The new configuration is characterized biet placement of the liquid
reservor that is now in contact or in proximity of the LN. The receiver
substrate is in front of the liquid reservoir and the LN cryskaé liquid

drop is mounted onto a polymeric base, previously realized, in order to
improve the uniformity of the drop. Thisdse 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, exaeng a repulsive force on the dromd,
GKSY AlG Aa a0NRy3d Sy2dzdKI RSTF2NXA
cone). The drop releases miedooplets, used for direct printing onto the
moving substrate.

18



The great advantage of this technique consisttha possibility of direct
writing micro-drops onto a device, used as the receivauipstrate. 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, s&al kinds of inks could be used
through pyreEHD printing.
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CHAPTER 2

DROPLET DYNAMICS THROUG
AN ORIFICE

Generally when a droplet interacts with an orifice, it must displace a
second fluid and thisinteraction 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 ttknes$®. In order

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

2.1 Acting forces

If the inertia is sufficient t@vercome the surface tension, tltkoplet can

go through the orifice and this iataction can be characterized with the
Weber numbet’, @ ” YO ,, where” ‘Qbhe dropletdensity, U
thel LILINE I OK @Sf20A0é% 5 (GKS RNRLI Si
In gravitydriven flows the surface tension at the opening orifice acts
against the gravity and the interaoh can be evaluated with the Bond
number®, 6 M ,, in whichw is the difference between the
droplet density and the surrounding density aifdls the acceleration due
to the gravity.

After impact he gravitational force that drives the droplet downward can
be evaluated as¢E w "D and a characteristic time scale can defined

0 —— . Depending on the orifice diameter, capillary force and viscous

force oppose the droplet motion anavb other characteristic times can be

evaluated 0 —— & ® ——h respectively, for capillary and

viscous forces.
20



In addition, there aretwo dimensionless numberghat give information
about the prevalent forceY — @& §NO'R Qi E &G GWBHIQ

—8

2.2 Droplet ard surface properties

Depending on the droplet initial velocity and surface propertiSerent
regimes can occuffFig.10) In case of hydrophobic hole there are three
cases: NI, nonimpregnation regime if the drdplelocity is low; LI, limited
impregnaton 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 liquidif the velocity is high. For a hydrophilic hafe,
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 bubbli®rmation betveen the
droplet, B bubbling regime and, if theitial droplet velocity is high a SF
regime occurs.

NI LI SF
A c
Ll/f{\'\-. H LS
|II .IB I| |II ] |I) I|I >y
| I | II I II " J
\ 1,]:?14 :;.' II"\ vjml.
\_/ \__/
a) hydrophobic pores
TI B SF

i

-1..- W

b) hydrophilic pores

Figure 11|Sketch of the different regimes.

Surface wettability? is another parameter that can affect the droplet
dynamics. With the decrease of contact angle ¢ @A O€ , the
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droplet is moreeasily captured, and there exists a critical equilibrium
O2y i O e whghatheSBond number and the orifide-droplet
diameter ratio as well as the thickness of the plate are specified. For the
Ol &S ¢ %, th&drdplet Ban finally pass throughet orfice, otherwise,

the droplet cannot pass through the orifie

After impact thedroplet can either be captured abovke surfaceor it can
pass the orificeThis behaviour can be normalized with teResults from

((” ======

tjte =0 tity = 0.63 tfte = 1.26 tftg = 1.89 tfte =2.53 tfte =435

lb) EEEE EE

titg =0 =063  1f1g =126 =189 /i 1/t = 3.03

Figurel2| Time sequence of a drop.

the literatureobservable in Fig.1dhow that for a droplet of water/glycerin
in a tank filled with silicon oil, for the snhe orifice with d/D = 0.54, the
maximum asymmetrical deformation occurs at t=1g@tfter which the
droplet retracts baclard. When d/D increasgegshe droplet defomation
is smaller and, after t=1.2gtthe lateral interface retraction leads to
further penetration of the drop fluid into and through the orifice

22



Then, egarding the plate thickness, if the thickness is hitje hole
behaves as capillary. Resultst@ned 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 holand go out, instead, for a plate thickse of
1.2mm the drop is not able to pass the hdle

||||| e B

1= 1.1k [ T rd Ik T 1 0
e & 7 = e == e = 5 - i

I

.....

fau)
Tl M » = L] S =T 0k =2 T
= = Py = - 2o . = = = . ==

(B
=10 =tk B =12 =15 =5 e=2.Fx
= ] = a ima = i - = . [ ==

Figure 13| Droplet through an orifice.
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CHAPTER
MATHERIALS AND METHODS

Numerical simulationsfirstly, and experimental test, subsequently, have
been performed in orderd determine the characteristics of the orifice
geometry and testudy the dynamics of a droplet exiting from anifice.

3.1 Simulations

The process adrop impact is generally difficult to simulate because of its
highly transient nature. The lengttales the thin free sheetd thin wall
films produced by drop impact are often seveoatiers smaller than the
initial drop diameter.

Therefore a reliable simulation of the drop impact phenomena requaas
extremely fine numerical mesii.he geometryand a fine numerical mesh
(Fig.14) have beendefined in COMSOL Multiphysics by adopting an
axisymmetre3° geometryasreportedin Fig.14:

24



a ! symmetry plane b

T
| .
. . slip
axisymmetric geometry !
)

outflow

Figure 14| Axisymmetric geometry and meshRepresentation of axisymmetric geometry w
boundary conditions antd mesh generated by COMSOL Multiphysics.

The physics of this phenomenosuggest that there are several
competitive effects influencing the flow field durimgpact andthe final
outcome after the impact. gravity, viscousertial and surface tension
forces.

Therefore to study meniscus formation and aivater interface,
simulations were done in OpenFOAM.

OpenFOAMOpen Field Operation And Manipulatjis aC++oolbox for
the development of customizedumerical solvers and pre/post-
processing utilities for th solution ofcontinuum mehanicgroblems,
most prominently includingomputational fluid dynamic€CFD).

To studydroplet meniscus formation and awater interface, Volme-Of-
Fluid (VOF) simulations were done in OpenFOAM.

In VOF method the transport equation (1) for the volume fraction of one
phase is solvedgimultaneously with the continuity (2) and momentum
equations (3):

25
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where U represents the velocity field shared by the two fluids throughout
0KS Ft26 R2YIl Ay I Tisthedleviatsis vistdyslstieSs T I
tensor {TT HSH A W)/3 with the mean rate of strim tensor
SO.5nU+AU)], and | 4}, A & R 8 \prdssured and, are body
forces per unit mass (gravity and surface tension effects at the intefface

In VOF simulations the latter forces include gra@hd surface tension
effects at the interfaceA relevant parameter ishe phasedractionh i K I {i
can take valuesangingfrom 0 to1(0 > h1), wkere O and 1 correspond

G2 NBIA2ya | OO0O2YY2RIGAy3a 2yfeée 2yS
liquid. Accordingly, gradients of thda@se fraction are encounterashly in

the region of the interface.

In order to solve differentisdquations, the software needs some boundary
conditions (see Fid4) such as:

U outflow on the outlet boundaries;
U axial symmetry on the axis symmetry;
U slip with a prescribed contact angle on the walls.

Two immiscible fluids are considered as one @fie fluid throughout the
domain, the physical properties of whiclre calculated as weighted
averages based on the distributiohthe liquid wlume fraction, thus being
equal to the propertiesof each fluid in their corresponding occupied
regionsand vaying only across the interface,
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T p T (B)

in which” and” are the densities of liquid andag phase.

One of the critical issues in numerical simulations of fsagface flows
usng the VOF model is the conservation of thiease fraction. This is
especially the case in flows with higknsity ratios, where small errors in
volume fraction mayead to significant errors in calculations of physical

properties.Accurate calculation dhe phase fraction distribution isrucial
for a proper evaluation of surface curvature, whichreguired for the
determination of surface tension force artde correspnding pressure
gradient across the free surfacthe interface region between two pbes

is typically smearedver a few grid cells and is therefore highly sensitive to

gridresolution.

VOF enulationshave beemmade on a watef13] dropletinitially spherical
(or equivalently ellipsoidalyith different initial radiugor major and minor
axes)in an air domain. The physical parametdms the two phases
necessary to solve the probleamne reported in Tab.1:

PHISYCAL PARAMETERSTER/AIR SYSTEM)
Droplet Viscosity 0.001 Pa*s
Droplet Density 1000 Kg/m
Surface tension 0.07 N/m
Contact Agle 60° D
Air Density 1 Kg/n?
Air Viscosity 1,48* 10°m?/s

Tablel|Physical parameter of water/airsystem.

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

The run starts at t=0For end time setting it is requestedto reach the
steady state solution where the flow is circulating around the casgitya
value around 0.15 has been demonstrated to be sufficiedt last

1 value obtained with hesaglas sample provided by VUB.
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timestep option specifies that results are written eventh time step
where thevaluen is specied under thewritelntervalkeyword
Time values utilized in this study are reported in .TAab

startTime 0
endTime 0.15
writelnterval 0.001

Table2| Time intervalsfor simulations
At the end ParaView has beattilized for visualizing data.

3.2 SensApp setip

The pyreelectrohydrodynamiget (p-jet) is a radically innovative method

that uses the pyroelectric effe¢d produce tiny droplets (down to about
10-6pL). A pyroelectric slab is able to generate a cha®gesity on the
surface when subjected to a transieand slight temperature (T) gradient.

The resulting electric field causes the ejection of tiny droplets from the
mother drop.The pjet draws daughter droplets directly from the meniscus

of the mother dop pipetted by the operator on the loading supp¢etg. 2

>[ 0 LINPRdzZOAY3 (GKS ayvlrftfSadg @2t dzy S
A schematicsetizL) O2 Yy FA I dzNI-RA 2y &> Ok & RigsiRiJa NJ

poette

ectable signa
from a few molecules  THE LEGEND

‘{l::?n:r‘":«osff ———— loading support
(= 500 pm lax et o = i L ‘ " with p-orifice
- — : — / : 3 B reaction support
jectric slab
g L 20 /"' daughter slochic feid Ines the moiecules are highly stacked W:; r;i;'a
oA pyrostectiic effect tiny droplets onto a p-site (1-5) um? large - thermal source
(2) Activation (3) Spiit of the mother drop . & ﬂuc;f(gdscﬁtnce
(1) Load of the mother drop of the electric field into tiny droplets . (4) Read the slide LA
by the pyroelectric effect and stack onto the p-site prmary antibody

Figure 15| Setup configuration.
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It is possible to observe tha mother drop of sample is loaded on the
engineered>-orifice of the loading support to form a thimgluid meniscus

on the opposite face. A slab (rémmn support) is functionalized by
immobilizing the appropriate antibody (high density and high affinity with
GKS FTyaA3aSy Ay &l lifieSA pyroelegfrie slabl OS
functionalized by a poiatvA & S G KSNX I f & 2 dzNddfge, | £ A
works as source of the pwelectronydrodynamic jet (pet) that triggers
0KS NILAR RAALISYaAYy3d 2F GAYye-aRb 896
of the reaction support. For simplicity, the antigen maldes in Fidl5 are
fluorescent but, in realty, they are labelled by secondary reactions after
stacking.

Actual setup of pyro-electrohydrodynamicsystem issimilar to that

NBE L2 NI SR Ay -@GdatEr i theoppositk po&itiont KS >
Asreportedin Fig.16, it is constituted by -heater realized in Tungsten,

a LN slide, a meiveramino substrate and a loading support made by a
polymer, such as PMMwith the >-orifice.
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pipette

#*
| #
T loading
prorifice / substrate
& liquid meniscus
reaction
support

LN crystal

. heating source

Figure 16| Actualset-up of PyrcEHD system.

The amino substrate is used in order to make the immteaxrtions
happen.It is acommercialkslide, produced by Arrayi€orporation 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 skd According td=irstJoule LawP=V-lan
electrical cirait has been used with the aim to obtain a thermal power.
>-heater (see Figure 17has been fabricatedn lab workshopwith a
¢dzy3aiGSy 6ANB KI dhefidhl shapenisdittatediby theS | ¢
need to have a pointed stimulus.

. _— "

| 2 esl g
R APIE é!»‘?“?‘
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The electrical circuits set byenabling the power supplyL&b. Grade
Switching Mde Power SupphHCS3300 in Fig.¥) and a waveform
generator(33220A Function / Arbitrary Waveform Generator, 20 Nk
Fig.17) is utilized to set anit step function with assigned on and off time

Figure 18| Power supply and waveform generator.

Thechoice of aunit stepfunction isgoverned by he necessity to hava
predefined periodin which the current passage is assured/enabled, and
another period without current in order to activate and deactivate the
heater with afixed time lapse Tre input function is adiscontnuous
function with zero values for negative argumentsorresponding to
absence ofcurrent in the g-heater and one for positive arguments
matching the current passage

O(x)

'

<l J

0

Figure 19| The unit step function.

Then a fan coe¥ is positioned in théottom part of the setup.
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CHAPTER
RESULTS

The aim of this chapter is to report the resultsf simulationsand
experimental results starting from which it has been possible to give
geometric characteristic to the device. Thieased orthese results, other
tests have been performed in order to refine the sgt with the purpose

to observe droplets formation.

4.1 Devicegeometry

Steadystate simulations have been performdy repladng the dropet
dynamicsin order toobsene the thickness ofdrop meniscusnd set the
geometric parameters.

Thegeneral scheméor geometry is reported in Fi@0, then, with afixed
contact angldd) of 60°, changes/variations have been applied to:

U channé radius;

U channel height;

U channel inclinatiorangle;

U orifice and upper substrate wettability
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Channel radius

Channel height

Figure 20| Input geometry.

A summay of the simultaneousvariable® changesappliedto the initial
geometryis reported in Tab.3:

Channel Channel height | Channel radius | Droplet radius
inclina:[ion
angleU[°] H[mm)] R [mm] R[mm]
1 1 [0.25;0.5; 1] [1;1.5 2; 2.9
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]

Table3| Simulations parameters.
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4.1.1 Droplet meniscus shapes a function of the geometry
First of all, in order to set the initial droplet shape, two simulations have
been donerespectively, with a spherical and an ellipsoidal drop having the
sameinitial 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 inial shape; upper images represent the initial
instant (t=0) and in théottom images are reportedfinal instants once a
steadystate is attained.

Figure21] Meniscus of spherical and ellipsoidal droplets.

The results reported in Figlahow that the meniscus shape is the same so
this suggests that is equivaleto simulate a spherical or an ellipsoidal
initial droplet.

After that, in order toprovide 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 dreptadii:
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U Firstly,the effect ofinclination angles variation has been tested on a
geometry with characteristics reported in Tab.4:

For:
1. Droplet radius 1mm

hfm "l op

Figure22| Droplet radiuslmm. Initial (up)and final(down)snapshots, respectivelyor drop
dynamic through a channel with r=0,5mm, h=1mm and an incredsing

hi' ' mcn T Hen

Inclination Channel radius| Channel height
Channel [mm] [mm]
[’]
1
5
10 0,5 1
20
30
40
Tabled

hl ocn "I ncn

)



Acceptable menisci arthe last three cases since the droplet does not
become larger than the orifice dimension.

2.Droplet radius 2mm

hf'm  h[p " mcn hT Hen W oocn NI onen

Figure23| Droplet radius 2mma.lnitial(up) and final(down) snapshots, respectively for a drc
dynamic through a channelwitdlI' N Zp YYZX KImMYY FyR |y
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When droplet has an initial radius &fmm, based only on a visual
observation, it could be said that &tle channel inclination angles are able
to generate an acceptable meniscus shape.

U Changes have been imported to geometry:

Inclination Channel radius| Channel height
Channel [mm] [mm]
[°]
1
5
10 1 1
20
30
40
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1.Droplet radius 1mm

h'm  hlp "l men PTHen NPT oocn NI ones

Figure24| Droplet radius Imm.Initial(up) and final(down) snapshot&spectively for a drop

dynamic through a channel with r=1mm, h=ImnRant y Ay ONBl aAy 3 h o

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 GBapp
that the upper orifice radiuss bigger than the droplet so the droplet goes
down through the channel without the need to set on the electric field.
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2. Droplet radius 2mm

h'm  h[p "l men P HEn hF ocn hT onen

Figure25| Droplet radius 2mmlInitial(up) and final(down) snapshots, respectively for a drc
dynamic through a channel witslY YX KI mYY FyR Iy AYyONBI &

A different situation happens/hen the initial droplet radius is 2mm, so
bigger than the orifice radius. In thcasewhatever the channel inclination

is, the dropletgoes through the channel arekhibitsa meniscus too big,
so this case cannot be useful.
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U Then, by changing thgeometry other investigations have been

made:

Inclination
Channel

[’]

Channel radis
[mm]

Channel height
[mm]

1

5

10

20

30

40

0.5

1.5
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1. Droplet radius 1mm

h'm  hp hlmen PMHEn PT oocn T ones

Figure26|Droplet radius Imm.lInitial(up) and final(down) snapshots, respectively for a dro
dynamic though a channel with r=0,5mm, h&'Y | YR 'y Ay ONBI aAy 13

When the channel isstretched but with small radius, the channel
inclination angle is a critical parameter.

LY GKAA& OF &5 aadzdcisable to Bryvitie & rightl rAeniscus c
shape.
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