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ABSTRACT

Dielectric elastomer actuators (DEAs) have been widely investigated for more than 30 years.
Lately, several fabrication methods have successfully allowed the creati@ryofthin elastomer

and electrode layers. The development of attractive applications, in which DEAs offer advantages
over conventional technologies, is thus necessary for the advance of the technology. In this work,
new biocompatible microfluidic devicesged on DEAs are developed.

In the first part of this thesis, several prototypes of peristaltic pumps of single layer dielectric
elastomer actuators are designed, manufactured and character&klough these prototypes
were not able to produce fluid flomnovel insights into the capabilities Bfectroactive Polymer
technology were gained.

In the second part of this work, a pumping micromixer as a novel application of dielectric
elastomerstackedactuators is manufactured. The pumping micromixer is basegeristaltic
movements, which gently act as a mixer and a pumprfrofluidics Experimental data show a
maximal flow rate of 21.pL/min at 10 Hz. Image analysis at the outlet proves a 50/50 mixing
when all actuators are functioning at the same paoce voltage.

The performance of the pumping micromixer is further studied with Fima@te Element Method,
usingthe COMSOL Multiphysitsoftware Simulations demonstrate the versatility of the pumping
characteristics of such a microdevice, from very fdwmin to mL/min, and from a very low
pressure in the range of Pa to hundreds of kPa, by only changing the duty cycle, phase shift and
actuation frequency.



https://www.comsol.com/
https://www.comsol.com/
https://www.comsol.com/
https://www.comsol.com/
https://www.comsol.com/
https://www.comsol.com/

KURZFASSUNG

Dielektrische Elastomeraktoren (DEAs) werden seit mehr als 30 Jahren intensisuahtein
letzter Zeit ist es durch neue Herstellungsverfahren gelungen, sehr dinne Elastamar
Elektrodenschichten zerzeugen. Die Entwicklung attraktiver Anwendungen, in denen DEAs
Vorteile gegentber konventionellen Technologien bieten, ist dahatiéivWeiterentwicklung der
Technologie notwendig. In dieser Arbeit werden neue biokompatible mikrofluidische Syteme auf
der Basis von DEA entwickelt.

Im ersten Teil dieser Arbeit werden mehrere Prototypen von peristaltischen Pumpen aus
einlagigen dielektschen Elastomeraktoren entworfen, hergestellt und charakterisi@tdwohl

die hergestellten Prototypen keine Pumpleistung erzielten konnten hiermit neue Erkenntnisse
Uber die Mdglichkeiten der EARechnologie gewonnen wurden.

Der zweite Teil der Arbeit ba$st sich mit der Herstellung und Charakterisierung einer
Mikropumpe mit Mischer als neuartige Anwendung von dielektrischen Elast&tagrelaktoren.

Dieses neue System basiert auf peristaltischen Bewegungen, die fir das schonende Pumpen und
Mischen in deMikofluidik geeignet sind. Experimentell ermittelte Daten zeigen eine maximale
Flussrate von 21,5 ul/min bei 10 Hz. Die Bildanalyse am Auslass des Mischers beweist eine 50/50
Mischung, wenn alle Aktoren mit der gleichen Geschwindigkeit und Spannung arbeite

Die Leistung des pumpenden Mikromischers wurde mit der FiElgenenteMethode unter
Verwendung der COMSOL Multiphy8i8sftware weiter untersucht. Die Simulationen zeigen die
Vielseitigkeit der Pumpeigenschaften eines solchen Mikrogerats mit einem Durchfluss im Bereich
von sehr wenigen pl/min bis zu einigen ml/min und einem Druck im Bereich von wenigen Pa bis
zu Hundertenvon kPa, indem nur das Tastverhéltnis, die Phasenverschiebung und/oder die
Betatigungsfrequenz der einzelnen Aktoren geandert werden.

Vi
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1. INTRODUCTION HECTROACTIOLYMERSECHNOLOGY

Polymers are flexible, lighteighted, and easy to handle and fabricate at a large scale with a

high quality. Some polymers respond to a stimulus by changing their mechanical properties. This
increases their versatility in multiple fields. Applying magnetic fields, electric fields, chemical,
pneumatic, optic or tempeture changes have been reported to cause a change in shape or size
in certain polymers.

The polymers deformation caused by an electric field is one of the most employed methods. Some
examples of polymers, which react when voltage is applied to the nahteare piezoelectric
polymers, electrostrictive polymers and dielectric polymers.

Piezoelectric and electrostrictive polymers have, at the elementary domain scale, a permanent
dipole moment. Piezoelectric polymers have a linear dependence between thes sred the
electric field, while electrostrictive polymers have a quadratic dependence.

Electroactive polymers, which are the materials used in this work, were discovered at the
beginning of the 1990s by Ronald E. Pelrine and Roy D. KorfibJyi#} [3]. Not only can these
polymers deform mechnically while an electric field is applied, but they also provide an electric
signal when a deformation is performed on the material. This property is very interesting in terms
of reversibility. They can work as actuators, as sensors and as generaty$iaMe a huge range

of applications, some of which are: robotics and artificial muscles, optical systems, drug delivery
and energy harvesting applications.

This chapter is devoted to the fundamentals, material properties and main applications of
electroadive polymers.

1.1. FUNDAMENTALS (EECTROACTIYLYMERS

As mentioned in the previous section, electroactive polymers (EAPS) are a type of electro
stimulated materials that deform when an electric field is applied. Electroactive polymers can be
dividedinto two main types: dielectric EAPs, in which the deformation of the material is induced
by coulombic or electrostatic forces between two electrodes; and ionic EAPs, in which the
deformation is obtained due to the migration of free ions caused by anreddld. In the present

work, the focus is on the dielectric EAPs and their properties. Only dielectric EAPs are relevant in
the present work and will be described in this section.

A dielectric elastomer actuator (DEA) consists of an elastic dieleatrtbvsched between two
compliant electrodes. When voltage is applied to the electrodes, the actuator expands in area
Y6 and contracts in thicknes&/a due to the electrostatic forces, exhibiting a high strain. The
deformation is mainly obtained due to thedectrostatic interaction between two electrodes with
opposite electric charge. Figurel.l, the working principle of a DEA is shown.




/N

compliant elastic
electrodes digledric

Figurel.1: Dielectric elastomer actuators working principle: in light blue, the elastic dielectric material and, in grey, compliant
electrodes. In the leflayout, the actuator is at zero voltage. The geometry of the atiuis defined by an initial arga and

an initial thickness odi . The rightlayoutrepresents the actuator when a voltageis applied between the electrodes. The
initial aread expands, endingup id Y0, while the final thickness i@ YU

It is possible to estimate the electrostatic pressure exerted on a DEA sandwiched between two
compliant electrodes, according to the Maxwell pressure equation:

Ho--0 -- EqLl

Fol | 8.

wherer is the Maxwell pressure, is the permittivity of free space, the dielectric constantO

is the electric fieldg the initial dielectric thickness an@ the applied voltage (in the order of a
few kV for typical EAPs). The active stfdimlso depends on the stiffness or Young's Modlus
of the material:

- - — Eql.2

As it can be observed in equation 1.2, in electroactive polymers the strain is proportional to the
square of the electric field and to the dielectric constant, while inversely proportional to the
Young’s modulus of the dielet. In general, the applied electric field in this technology is close
to 100 wI' ato obtain a significant strain in the material, and normally closely below the
breakdown strength of the dielectric.

Equation 1.2 is a simplification, considering omhall strains with free boundary conditions. The
model also considers that the dielectric material is an ideal rubber, which means that it is an
AyO2YLINB&aaAoftS YIFIGSNALIE FyR KFa | t2Aaaz2yQa
more complicate due to the hyperelastic properties of this kind of elastomers.

The simplest fabrication method of an EAP actuator is based onstraieed membrane, usually

of polydimethylsiloxane (PDMS) or acrylics supported by two rigid frames, which hold the
pre-stretch. On top and bottom of this elastic elastomer compliant electrodes are deposited by
brush-coating[4], spraying5], stamping[6], laser ablatior{7] or electrodeposition8] with the
desired geometry of the final actuatdrigurel.2(a)shows a diagram of the elements needed to
fabricate a basic circular actuator and the final sifdgleer actuator device obtained after
assembling these partsigurel.2 (b).

NJ



Singlelayer actuators provide a high deformation in thie and w directions due to the
pre-stretching of the dielectric film along this plane. The force obtained with these actuators is
rather small. Different actuator configurations have been already proposed to increase the stroke
[9] [10] of single layer actuators: some examples of these configurafibbjare the secalled
spider, roll, tube, diaphragm, extender, and bowtie.

Upper rigid
frame

—

Top compliant
/ electrode
Dielectric elastomer
O _/ membrane
R

i —
"~ Bottom compliant
electrode

Double-sided
tape

Lower rigid

frame T

() (b)

Figurel.2: (a) Elements needed to fabricate a single layer EAP: two rigid holding frames (normally made of PMMA); two rings
of a doublesided tape, the top electrode, followed by the elastomer layer and the bottom elect{biidssenbled elements
to form a single layer EAP. The bottom electrode is not visible itajoait

1.2. MATERIALS IN.ECTROACTIAOLYMERS

As mentioned in section 1.1, dielectric actuators consist basically of an elastic dielectric
sandwiched between two compliantextrodes. In the following section the properties of the
materials necessary to manufacture electroactive polymers, as well as their fabrication processes,
are detailed.

1.2.1DIELECTRIC

The first dielectric material used as electroactive polymer was an abafid (VHB, very high
bond) from the company 3R This material is provided as a douklided adhesive tape of
different thicknesses. The properties of this type of material are both high permittivity and high
strain when voltage is applied. Some other Brals that can be used as dielectric for electroactive
polymers are polyurethangd.2][13] and polydimethylsiloxane (PDMS).

Table1.1: Requirements for the dielectric material in terms of material properties, actuator performance and market
requirements: high (H) or low (L).

Material properties Permittivity (H) Breakdown strength (H) Young's modulus (L) Thickness (L)
Actuator performance | Dielectric losses (L) Viscoelastic losses (L) Operating voltage (L) Stroke/Force (H)
Market requirements Price (L) Reproducibility (H) Availability (H) Environment (H)

The main desirable properties for the dielectric in terms of actuation performance are those
maximizing the strain in Eq 1.2 (low Young's modulus, high permittivity), plus some related to the
application of the electric field (high breakdown strength, hirability, high stroke, high
actuation force, relatively low operating voltage and finally low viscoelastic and dielectric losses).




The fundamental industrial requirements for actuators are price, reproducibility, availability and
environmental sustainaility. Tablel.1 summarizes the main properties related to the EAP desired
characteristics.

Polyurethanes have been rejected due to their high Young's modulus stbeiresponse speed

and their high flammability, although they have a significantly higher relative permittivity than the
other materials and higher breakdown strengBolyurethane dielectrics were improved in terms

of the electromechanical actuation. Sthenolecular plasticizers lik@ibutyl Phthalate (DBP&and
Triphenyl PhosphatérPR and oligomer plasticizers likolyethyleneGlycol(PEGand PMG were
introduced in the polyurethane matrix to decrease its Young's modulus, thus leading to a decrease
of its relative permittivity{14]. The results were not sufficient to compete with the properties of
PDMSIn Tablel.2, the generalalues for acrylics, polyurethanes, silicones and silicone film are
shown.

Tablel.2: Parameters of different materials used as dielectric in EAP systems

Elastomer type ;%%TJ?UE[MP&] 5eriia;(\78r\;vrq] Relative permittivity Response speed
Acrylic 0.2-3 55412 4.8 ms to s
Polyurethane | 17 160 7.0 ms to s

Silicone 0.1-1 80-130 2.83.7 Us to ms
Elastosil Film 1 80-100 2.8 us to ms

For some applications a higher strain of PBMS is needed. In order to optimize the performance

of the EAP actuators, great efforts have been made by researchers to improve the relative
permittivity of the dielectric (normally in the range ok o) without increasing significantly its
Young's modlus. Some of the techniques used are based on mixing metal oxides in the PDMS
[15][16][17] or highpermittivity liquids[18], covalent grafting of dipoleld9][20] and the use of
functional copolymer$21][22]. When using the abovementioned techniques, theseguences

are normally changes in the mechanical and electrical properties of the material: some examples
are an increase of the stiffness (higher Young’s modulus) or lower electrical breakdown strength.
Other authors used carbon black as well as othebaabased fillers to improve the acrylic
elastomers performancg23].

HYPERELASTIC MATERIALS

Polydimethylsiloxane is a hyperelastic material. Hyperelastic materials are afkimaterial that
responds elastically when it is exposed to very high strains. In the case of single membrane
actuators, they are often even pisiretched before voltage is applied. In general, the relationship
between the exerted force and the deformatiarfi the material is described by the Hooke"s law.
Hooke’s law shows that, within certain limits, the necessary force to stretch an elastic object (a
metal spring) is directly proportional to the extension of the spring.

0 Qb O Eql3

where " Ostates for the force’Qiis the spring constant or the constant of proportionality, normally
given in N/mp is the total length and the initial length.
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In Figurel.3 the force-strain curve for an elastomer is shown. It can be appreciated that at low
forces the linear behaviour between force and strain follows the Hooke’s law (rapiéws the
material is more stretched, the linearity of the relationship is lost and aec(otose to a plateau)
region is observed (region b). In region a, the material is hard; in régibigets softer; in region

c, it develops a strathardening behaviour. The two first parts of the material curve can be
modelled with the classic hyperedtic models (Mooneyrivlin or Gent model), but the last region
of the curve is challenging to explain and to predict.

Force

0 1 2 3 4 5

Strain

Figurel.3: Relation between force and strain for elastomers. Region a folldinea behaviour, the Hooke’s law for springs
OGKS YFOSNAIE Ay (KAa NBIA2Yy Oly 06S O2yaARSNBR aGKINR:éOD Ly
In regionc, no model is able to determine the relation between force and sfi2df

In this thesis, the dielectric material is assumed to be an incompressible hyperelastjcssale

the elastic effect is predominant compared to the visdastic one. The stress state in the
hyperelastic material is determined by taking the derivatives of the strain energy density with
respect to the strain components.

HYPERELASTIC MODELS

In this section, the hyperelastic models used to predict the behaviour of the elastomers in this
thesis are explained. They are important for the production of the stség8n curve to
characterize the volumetric deformation of the dielectric. Assuming e incompressibility of

the material, the total energy density for a nearly incompressible material is

O o o Eql4

wherew s the isochoric strain energy density aid is the volumetric strain energy density.
The second PiolKirchhoff stress tensd8[25] is described as

Eql5

Wherer‘]h is the volumetric stress is the right Cauchreen tensor (Eq 1.13), anis the volume

ratio. The volume ratio is defined #se ratio between the deformed volum¥y and the initial
volumeVo. The second term of Eq 1.5 can be further developed to
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Where ‘® and "‘®are invariants of the isochoric right CaueByeen tensor. ‘® and ‘®can be
expressed in terms of the stretch raticas:

O o9ch 9 5 & S Eql.7

Eql.8

In the present work, the stretch ratiois defined as a measure of the magnitude of deformation.
Mathematically, the stretch ratio of a material under uniaxial tension is defined as) j 0 ,
where 0 is the deformed length of the probe and is is original length. In a multiaxial stress
experiment, the principal stretches 0 j0 (where® phchoin the principal referential
directions0 ) have the same directions as the principal stresses. The strain energy density and
stresses areften expressed in terms of the stretch ratio

Figurel.4: shows the deformation of a cube. Figurel.4:(a), the undeformed cube and its original
dimensionshd are shown. IrFigurel.4: (b), the external force30 deform the cube leading to
new dimension® 0 O_ .

If the assumption of incompressibility is not formulated, it is common to split the deformation into
volumetric and isochoric contributions, introducing a modified right Cauigleen stretch tensor
6lassociated with volumereserving transformation. Theadified right CauchyBreen tensor can

be expressed as

67 o 16 EqL9

The first Piole&Kirchhoff stress tensar and the Cauchy stress tensprcan be expressed as a
function of the second Pioldirchhoff stress tensor as

0 "OY Eql.10

, 0 00 Eql.11

Where Qs the deformation gradient.

12



() (b)

Figurel.4: (a) Undeformed cube(b) Deformation of the cube under external forc&

The stress tensor for multiaxial stress experiments caexXpeessed as
Y YO § 0 Eql.12

where ™Y, represents the principal values of the second RKiehhoff stress tensor and
represents the principal referential directions and the right Cat@hgen tensor in the following
form:

) 6 §0 Eql.13

The second PiolKirchhoff stress tensor can be expressed in terms of the principal stretches:

_ ¢ 1d O 1o =
o o Eql.14
P96 Oo
o1 ® o 1o

v

For uniaxial and biaxial tests, the relationship between stress and stretch can be determined. As
mentioned above, considering incompressibility of thaterial 0 p , the principal stretches
for the uniaxial deformation of an isotropic hyperelastic material are given by:

h J Eql.15

The deformation gradient is given by:
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For uniaxial extensiotY Y T, supressing the volumetric stregs:
[ [ .. L
Y ¢ PP _T_— T_— h 0 _YAT A _vY Eql.17

- 10 10 -
The isochoric invariant@) . gnd”@d . §an be expressed in terms of the principal stretcs:

0 < EqL.18

0 c £ Eq1.19

The principal stretches for the equibiaxial deformation of an isotropic hyperelastic material are
given by:

_ _ h _ Eq1.20
For equibiaxial extensioty T, the volumetric stres§ can be eliminated to give:
Y Y ¢ op Pt 1o Y] Y AT B Y Eql.21
- 10 ~10 = ST '
The invariantsO andO are then:
= Y
(@] . — Eql.22
0 S EqL.23

In the following sections, the hyperelastic models used during the analysis of the elastomers of
this thesis are explained in more detail. First, the strain energy function for each hyperelastic
model is defined. Then, for each particular expression of dtnain energy function the first
PiolaKirchhoff stress tensd?is deducted to reach the final expression of the model.

A. MooneyRivlin model with five parameters

The MooneyRivlin hyperelastic mod¢26] [27] with five parameters is used in chapter 6 for the
COMSOMultiphysic§'simulations. The higher the number of parameters in the model, the better
curve fitting matching the simulations with experimental data is obtained. For Mo&ndin
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model, 3, 5 and 7 fitting parameters are possible. The right selection of number ohes is
necessary, as more parameters may lead to convergence issues. For a given strain, the stress state
is determined as the derivative of the strain energy density with respect to the strain components.
The strain energy function of the Moon&ivlinhyperelastic constitutive model is expressed as a
function of the strain invariantg,l and the volume ratial The strain energy density function is

given as:

® o o w O YO Eql.24

The strain energy function can be extended considering the fitting parameteiia the Mooney
Rivlin model:

Eql.25
@ 6 ® o & o 0 0 p

h

where’O are material constants related to the volumetric response. Considering the assumption
of incompresible material or J=1, the last term of the expression is zero. The form of the strain
energy density function for five parameters of the MoofRiyvlin models given as:

® 6 ® o 6 ® o 6 ® o 6 ® o

v " Eql.26
6 ® o d o g

where# ,# ,# ,# ,and# aretheMooneywA @t Ay Qa FTAGS LI NI YSUSNRAO®

From the strain energy density expression (Eq 1.26), it is possible to obtain the expressions for the
first and second PiolKirchoff stress tensor. First, the general equation for the second -Piola
Kirchoff stress tenso&for the uniaxial case is neede( 1.17). The derivatives of the strain
energy density function of the fivierm MooneyRivlin modelEql.26) with respect to the
isochoric invariant&band ®are:

T

o) 6 ® o 6 & o Eql.27
=) S a
Tw
———— O 0O ® o 0 ® o Eql.28
=0 6 ® .

Introducing these terms into the general equation for the second P{alehoff stress tensdsfor
the uniaxial case (Eq. 1.17):
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By using the relation between the first and the second Pitahhoff stress tensob(  _"Y

and regrouping the terms in the previous equation, the first RiGlahhoff stress tensor fdhe
uniaxial case is expressed as:

0 C o) c6 ® o o "® o 0O IO
P Eql1.30

If needed, the uniaxial isochoric invariaf® and"® can also be expressed in terms of the
principal stretch_ by using equations Eq 1.18 and 1.19, leading to an expression where the first
PiolaKirchoff stress tensob  only depend on the principal stretch and the five material
parameters of MoonexRivlin# ,# ,# ,# and#

For the biaxial case, the derivatives of the strain energy density function of theefive
Mooney-Rivlin model respect to the isochoric invarigifand ®(Eq 1.28 and 1.29) are introduced
into the expression of the second Pidachoff stress tenso& for the biaxial case (Eq. 1.21),
leading to:

- Eql.31
_ 6 ¢ d® o 6 ® o
Considering the relatiot _'Y and regrouping the terms in Eq 1.32, the first Ridiechhoff
stress tensor for the biaxial case is expressed as:
0 ¢_ _ 6 ¢ d® o 6 & o _6 6 ® o
Eql.32
6 ® o

The biaxial isochoric invariarit® and’® can also be expressed in terms of the principal stretch
_ by using equations Eq 1.22 and 1.23. Thus, the first-Riothoff stress tensor for the biaxial
casel only depends on the principal stretchand the five material parameters of Mooney
Rvlin# ,# ,# ,# and#

For all the abovanentioned formulations, the Cauchy stress tensaran be easily obtained for
the uniaxial and biaxial cases by using the equatipns _0 or ,, _Y.

B. Gent model

The Gent mode[28] is used in sectior2.3.2 where the Sylgar® 186 hyperelastic material is

modelled. The Gent model is based on the first invarjaaind two material constants: the shear
modulusp and) .) measures a limiting valuer)  o. The strain energy density for the Gent
model can then be expressed as:
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To obtain the first and second Piefarchoff stress tensors, the procedure is the same as in the
MooneyRivlin case. First, the derivatives of the strain energy density with respect to the first and
second invariant are needed. In the Gent model, onlyfitst invariant®is in the strain energy
density included. Then,

‘O
%56 5 Eql.34

For the uniaxial case, this derivative is included in the general equation fors¢hend
PiolaKirchoff stress tensd8(Eq. 1.17):

. P P ‘ 0O
Y e e Eql1.35
S”” =< ® o a
Simplifying the above expression and considering the relation _°Y , the first

PiolaKirchhoff stress tensor for the uniaxial case in the Gent model is expressed as:

' ‘ — Eql.36
v == 0 % o a

Following the same steps for the biaxial case, the first folehhoff stress tensor for the biaxial
case in the Gent model is:

° Eq1.37
= = o) "6 p ql.

As mentioned for the MoonefRivlin model, the Cauchy stress tengotan be obtained for the
uniaxial and biaxial cases by using the equatipns _0 or , _ Y. In the formulas, the

first isochoric invariant®for both uniaxial and biaxial cases can be expressed in terms of the
principal stretch_by using equations Eq 1.18 and 1.22, respectively. All these steps lead to Gent
model expressions where the orgarameters are the principal stretch and the constant material
parameters, andO.

1.2.2H ECTRODES

EAP actuators work as deformable capacitors, consisting of a dielectric and two electrodes, as
previously stated. The main properties for suitable electidee: high conductivity, so that the
actuator or capacitor can charge and discharge fast; stability in time; deformability, so that they
do not impede the deformation of the elastic dielectric. EAP electrodes with these properties are
commonly named as coplaint electrodes.
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Some types of electrodes already used are: graphite powders, ionically conductivebaatst
polymers, conductive fillers distributed in an elastomer binder material and thin metal films.

In the first case, graphite or carbon powdee@rodes are directly sprayd@9] or brushed30]

on the top and bottom surface of the elastomer without the need of a binder (like another
elastomer)[31]. This nethod is in general used for multilayer or stacked actuators were the
following layer of dielectric protects the electrodes to fly away from the elastomer.

The conductive fillers are basically graphg], carbon black particles mixed in oil, gel or a low
Young’'s modulus elastomer. The result is a composite with a high conductivity and flexibility. The
amount of filler tends to be the minimum to obtain the desired conductivity witho
compromising the elasticity of the material obtained. The low percolation threshold and the
dispersion of the particles in the matrix are some of the factors that should be taken into account
when fabricating these composit§33][34][35].

Thin metal film electrodes are extremely conductive electrodes, but often not compliant. Only
when the metal film is very thin (much more than the abovementioned electrodes) is it possible
to avoid the two main negative effects: the passivatiéthe elastomer and the creation of cracks

in the electrodes when the deformation occurs. Researc[ig{86] have used gold electrodes in
form of zigzag using photolithography to overcome the cracking problem. Other authors have
used ion implantation to get an #emely thin film, in the range of 18m, Tion [37], gold[38],

Ti and Pd implantations and by depositing silver electrodes by magnetron spgité®in These
techniques have also the inconvenient that increase the production cost of the EAP, in comparison
to the other techniques.

1.3. LIFETIME OF ACTUATORS

In order to be able to use the technology of EAP in an industrial scaleetessary that the EAP
as actuators, sensors or energy harvesting systems are reproducible in time and also that the
technology can be used for long periods of time.

Researchers have focused their investigations in the possible degradation of the matktieds
EAP, elastomers and electrodes, under high cycle numbers of actuation and different conditions.

In general, to obtain very high strains, researchers actuate EAP near the electrical breakdown field
strength. As a consequence, a shorter lifetimexpexted. An electric breakdown occurs when

the initially negligible current flowing in a dielectric material suddenly rises extremely. This sudden
increase can have various causes, but all of them lead to thermal destr{#fipn

There are different explanation models for the increase of the flowing current. The first free
charge carriers of an electrically induced breakdown originate from the electrodes and penetrate
the dielectric material from there. Arsacan now be created where the material has a lower
density. In these areas, electrons have a longer free path length and can be accelerated so strongly
by the applied electric field, that further free electrons can be generated by impact ionization. The
thicker the material sample, the higher the probability that such events occur. Therefore, many
materials show decreasing breakthrough strength with increasing sample thidkidss

The more charge carriers are created in the dielectric material and travel through it, the more the
material heats up and supports the second type of electric breakdown: the thermally induced
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breakdown[42]. How fast the material heats up depends on the specific heat cagggcitye heat
generated and the heat dissipated through the material:

oy
6 5, Q00 QL GRY O Eq1.38

The generated Joule heat depends on the applied fsdahd the electrical conductivity, ®f the
material. The amount of heat dissipated is determined by the thermal conduabivityihe
electrical conductivity in an applied alternating field is composed of the DC conductivity and the
conductivity due to polarization- - , where- represents the imaginary part of the complex
permittivity. Therefore, dielectric materials have higher breakdown strengths for DC voltage than
for AC voltage.

Defining the electrical breakdown field strength allowed the development of the EAP technology.
Matysek et al[43] used a setup based on 16 stacked actuators which were measured by a laser
displacement sensor. Voltage and current were continuously monitored for each actuator. The
end of the lifetime measurement was based on measurements of the current ofctiuatars.

When the current in the actuator has a value lower thar?@®f its maximum, the actuator is
defined to reach the end of its lifetime. Frequencies of 10, 100 and 200 Hz were used for the
measurements and 45.5, 445 and 462 million cycles wereimdda respectively. They also
checked the lifetime of the actuators depending on the used contact material to connect the stack
layers: graphite, silver grease and a mixture of both. The mixture of graphite and silver grease
featured a higher life time.

Zhang et al[44] fabricated different dielectric materials changing the stoichiometric ilabee of
the reagents, the network structure, the mechanical properties and the electric characteristics to
know the influence of these properties on the ageing of the material.

In general, researchers have focused their attention in determining thentiéebf the actuators
based on the breakdown strength of the dielectric. It is also important to consider the time
degradation of the electrodes when using EAPs. With this purpose, Rossg#éi developed a

new system to characterize the electrodes of one single layer actuator. T¢edled NERD setup
(Novel Electrode Resistance Degradation) is able to characterize the degnadawompliant
electrodes during actuation. The circular actuator is connected to a high voltage power supply and
to a fourwire resistance measurement system. The strain of the actuator is measured by using a
camera and image study analysis. The actuatese made ofSylgar® 186 membrane with
carbon composite electrodes. They reached over 350k cycles with\ &fXthe first 100k cycles,

then 1850V for another 100k cycles and finally 200@or the last 150k cycles. They measured the
electrodes resistance along the experiment. As far as the actuation stretch keeps lower t#an 10
the resistance stays stable.

1.4. COMPARISON TO OTHER TECHNOLOGIES

In the previous sections of this chapter, the main characteristics of EAPs have been introduced
The necessary requirements of dielectric polymers, electrodes and ultimately of EAP actuators, in
terms of material properties, degradation, life cycle, actuator performance and market
requirements have been outlined. In this section, a comparison betwB&P and other
technologies that are currently in use, for example electroactive ceramics (EACs), shape memory
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alloys (SMAs) and electromagnetic (EM) actuation, is made. These technologies are often used for
the same applications as EAPs. Thus, an owergfetheir main advantages and disadvantages
helps to understand potential applications of EAPs.

In Table1.3, properties such as actuation, force angeed of response are shown. The data
correspond to the dielectric EAPs, considered in this thesis, not to the ionic EAPs.

Tablel.3: Comparison of the properties of EAP with other technologies like SMA, EARVa(adapted fronfd6)).

EAP SMA EAC EM
Actuation strain > 300% <8% 0.1¢0.3% 50%
Force 0.1¢ 25 MPa 200 MPa 30¢ 40 MPa 0.1 MPa
Reaction speed us ms to min us us
Driving voltage 10¢ 150 V/um 1¢l0V 50¢ 800V 0¢l20V
Fracture behaviour Resilientelastic Resilient, elastic Fragile Resilient

On the one hand, the table shows that the actuation strain of EARR!I8] is at least one order

of magnitude higher than the one of SMA, EAC and EM technologiesré§filct to reaction

speed or response time, EAP is much superior to SMA and comparable to EAC and EM. EAP
actuators are also able to last a higher number of cycles and have an elastic behaviour that makes
them last longer than the remaining technologi€sn the other hand, the low obtained forces and

the high driving voltages are the main disadvantages of the EAP technology. However, obtained
forces have been improved lately by introducing new geomefd@$§50], while driving voltags

have been reduced by new manufacturing processes (see more details in seéjion

1.5. APPLICATIONS GEECTROACTIYOLYMERS

As mentioned before, dielectric elastomer actuators can work as actuators, sensors agg ene
harvesting devices or generators. Therefore, they offer a huge variety of applications. At the early
stages of this technology, EAPs were used as artificial muscles or soft robots. EAPs are ideal for
this application due to their dual actirgensing reponse, their high deformation, the
biocompatibility of the materials in use, the low cost of the technology and the low weight, that
could greatly reduce the weight of classic robots and prosthesis.

The application of EAP as actuators in robots is esiheotevant for aerospace applications or in
situations in which the presence of human beings is not recommended or possible. The main idea
is to have small, soft, low cost robots, with good mobility and dexterity or in other words,
collaborative robots.

Some of the first fabricated microrobots were FLE}1], FLEX P11], Skitter[52] and
MERDbo{53]. These are the soalled walking robots, inspired on animals. The FLEX robots are
based on six legs, a tripod gait and a lightweight but rigid body. FLEX 1 had a Bowtie actuator in
each &g and FLEX 2 had spring roll actuators on its legs instead of the Bowtie one.

EAP demonstrators mimicking inseffig] have already been fabricated with this technology.
Flies[55][56], worms[57] and fishes[58][59] are some of the lately animdlased actuators
fabricated as microrobots.

After this application wafirst explored, EAPs were used for bramelw applications like: small
motors[60][61] using EAP at their resonance frequency; Braille disptj63] in order to
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decrease the price of the current devices using EAP; for sound generation as loud
speakerg64][65], due to the veryhigh range of frequencies of EAPs; and silicone tuneable
lenseg66].

The EAP technology has also been used as sensors. Since EAPscagasitfirs, a change of
capacitance can be detected and modify to react to a stimulus. The company Stretcf&gnse
bases its work and research in using EAP as sensors in different devices. Some exanpilesare g
which can reproduce with high fidelity the finger motion and a sport rehabilitation or/and training
suit. The suit is equipped with plenty of EAPs as sensors that provide information about the
movements of the body in order to analyse sportive parfance, injuries, etc.

As energy harvesting systems, EAPs work inversely to actuators. The energy harvesting system is
deformed by an external force and therefore it generates an electric field, due to the charge and
discharge of the capacitor. Some exasgplof EAPs as generators or dielectric elastomer
generators (DEGS) are buoy generators and-s&éde generatorg68], which take advantage of

the human’s walking motion to continuously store energy. Metad. [69][70][71] studied the
parameters that influence the energy harvesting devices and the involved mathematic modelling.
They proposed some examples suitable for small rivers. The compamof&Bigre[72] has
fabricated prototypes of DEG for ocean waves energy harvesting.

1.6. MOTIVATION TO UEEECTROACTI¥BLYMERS IN MICROFLUIDICS

The use of DEAs in biocompatible devices, for instance devices inside the body or in contact with
cells, was rejected in the past due to the high voltage required in order to get the needed actuation
of the DEAs.

The investigations toards the decrease of the driving voltage are leading to a reduction of the
applied voltage from few kV to a couple of hundreds of Volts, using technologies }ixendDg.

Poulin et al[73] reported lateral strains up to 7% with films of 3um thickness, fabricated using

pad printings of the dielectric with an applied voltage of 248M¥tysek et al[74] fabricated Sum

thick dielectric films in a multilayer DEA by spin coating, actuated by applying 150 V. Topper et al.
[75] produced 200 nm thick films using molecular beam deposition and used driving voltages
between 1 to 12 V. However, the actuation strain in this case was limitéaebstiffness of gold
sputtered electrodes. The development of thin films will not only allow the use of DEAs with
biocompatible applications (due to the decrease of the actuation voltage), but also the
simplification of the electronics used to control thetuators[76].

Some of the characteristics offered by the EAP technology are relevant to microfluidics, like
biocompatibility [77], flexibility, soft materials, noexpensive technology, high frequency
actuation, portability and long term usage.

Previous work has been related to the use of DEAs in the biological field. Severathegeaps

work in the mechanical stimulation of cell cultures by means of EAPs. The group of Pr¢7.8phea

works in the fabrication ofthe sOF f f SR aYAyA3dedyYa FT2NJ OStfaes gKS
and analyse the impact of stretchingersus time at different frequencies and strains, by the
implementation of culture cells on top of a dielectric elastomer actuator, previously coated with

a passive membrane. Costa et[@B] fabricated a bioreactowith EAP. The bioreactor is based on
electrically deformable membranes with a tuneable curvature holding a liquid inside. The EAP
membrane is stretched and the biological liquid or cells on top of it get deformed when voltage is
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applied, mimicking the defoation of the cells in a human body. The advantage of this method,
with respect to other previously exposed, is that cells not only suffer from uniaxial or biaxial
stretch but also oubf-plane stretch, due to the membrane curvature.

Micropumps fordrug delivery is a potential application where EAP materials can report better
performance than the current technologies. The aim in all drug delivery applications is to take the
therapeutic substance to the target and deliver it at the right time andhm ttight dose, thus
improving the therapeutic index and reducing side effects, which in turn lead tterbdisease
treatments. Much of the pioneering work in this area has been carried out by Zhang[&®]al.
Electrostrictive polyvinyliden#louride triflouroethylene has been used to realize a microfluid

pump.

The aimof this thesigs to demonstrate that EPs can be used to build robust microfluidic systems
and these are capable of competing with existing technologies.

1.7. GONTENT AND STRUCTURE OF THIS WORK

In this work, prototypes of microfluidic devicéabricated out of electroactive polymers are
presented. Snglelayer EAPs are used to develop two micropump prototypes and edack
actuators are utilized to create a more complex microfluidic device: a pumping micromixer.

Chapter 2 presents the fundamersaand various working principle mechanisms of micropumps
and, in more detail, of peristaltic pumps. Two prototypes of sitayer EAPs peristaltic pumps

are studied. Both types of peristaltic pumps are based on a single prestressed diaphragm made of
elagomer material. The prototypes, named peristaltic pumiype 1 and type 2, differ in the
working principle. Tése prototypes are fabricated with two different methods:

1) Liquid elastomer filmmanufactured in the LMTS group in EPFL.
2) Solicelastomer film- produced in the MEMS group in Iarmstadt.

An analytical model, an electromechanical and fluid dynamic characterization of the first and
second prototype designs are included in this chapter.

Chapters 3, 4 and 5 are devoted to the pumpmgromixer made out of dielectric stae#t
actuators.

Chapter 3 begins with a short description of the types of micromixers and their actuation principle.
Finally, the ultimate configuration prototype for the pumping micromixer withntaterials,
working principle and design completes the chapter.

Chapter 4 focuses on the fabrication method, the electrical connection techniques and the
electromechanical and fluid dynamical characterization of the pumping micromixer. First
experimental rsults regarding the walls deformation, the fluid flow and the mixing are also part
of this chapter.

In chapter 5, the pumping micromixer explained in chapter 3 and fabricated in chapter 4 is further
analysed by using COMSMultiphysic® simulation softwae. Firstly, electromechanical
simulations of the deformation o$tackedactuators are performed. Then, the fluid dynamic
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behaviour of the pumping chamber actuators is analysed at different duty cycles, phase shifts and
frequencies. Finally, the pressure #ie outlet of the channel in the pumping chamber is
determined. This chapter provides an insight of the potential of the pumping micromixer at diverse
phase shift and frequency configurations.

Chapter 6 gives an overview of the whole thesis, includingrhi results and the discussion of
the results obtained.

In summary, this work is structured as follows:

Chapter2 ¢ Fabrication and characterization of sindgger electroactive polymer peristaltic
pumps (2 working principles)

Chapter3 ¢ Concept of a pmping micromixer out of dielectric elastomstackedactuators
Chapter4 ¢ Fabrication and characterization of the pumping micromixer
Chapter5 ¢ COMSOMultiphysic§ simulations of the pumping micromixer

Chapter6 ¢ Conclusions and discussiontbis work

23



24



2. PERISTALTIC MICROPUMPS

In patients, the concentration of drugs or chemical agents should remain constant and within very
precise levels to provide a specific therapeutic effect. High fluctuations of the drug concentration
may lead to nordesired sideeffects in patients. Therefore, the dose, duration, frequency of
application, toxicity and sideffects must be considered and adapted for each patient.

Drug delivery pumps are medical devices designed to deliver medicatiois, for nutrients
directly into a patient's bloodstream or other part of the body, such as the digestive tract or
epidural space. Drug delivery pumps can provide controlled and precise delivery of medications,
which is particularly important for patientwho require ongoing treatment, such as those with
diabetes, cancer, or chronic pain. These puroasbe programmed to deliver medication at a
specific rate or in specific amounts over a certain period of time, depending on the patient's
individual needsSome common types of drug delivery pumps include insulin pumps, infusion
pumps, syringe pumps, and enteral feeding pumps.

Insulin pumps can deliver insulin at flow rates ranging from 0 02f%r to 25uL/hr and the
pressure generated is typically less tha40 Pa[81]. Infusion pumps can deliver fluids and
medications at rates ranging from a femillilitres per hour up to several hundrewhillilitres per
hour. Infusion pumps are designed to generptessurevaryingfrom a few kPa up to 700 kPa in
some highpressure applicationf82]. Syringe pumps deliver medication at a rate as low as 0.1
mL/hr up to 150 mL/h{83].

The human body contains several types of peristaltic pumpysgesns commonly known as
biological pumps, such as the veins, esophagus, intestines, ureter, uterus, and bile duct. When any
of these organs malfunction, external pumps are required to compensate for inadequate fluid
transport. The diversity of fluids inlxed in each biological process and their specific properties
necessitates apecificfluid flow and pressure range for proper organ function. To illustrate this, a
comparison of these parameters in the veins, esophagus, and intestines is presente{Bdglow

Human veins and muscles utilize muscular contractions and valves to propel blood through the
veins towards the central part of the body. Skeletal muscles, which are responsible for body
movement, indirectly compress veins to circulate blood from the exitiesitowards the core of

the body. Considering the vena cava dimensions approximateB02@m diameter and 40 cm
length, the flow rate for this particular vein varies betweef3 2/min with a pressure of 127.3
kPa[85][86].

The human esophagus and the intestine, which are both part of the gastrointestinal tract, use
propulsive peristalsis to facilitate transportation. Furthermoree tintestine exhibits stationary
peristalsis, employing pendular mixing motions to enhance nutrient absorption. The linear velocity
of the fluids in the esophagus is in the range betwednd@n/s with a pressure varying from 1.33
kPa to 6 kP$§85][87]. In the intestine, howeer, the fluids flow at a linear velocity of 0.0015

cm/s and a pressure ranging frorils.6 kP485][88].

The aforementioned reveals a significant variation in the fluid flow rate and pressure range for
biological, medical, and pharmaceutical applicatidnsthis thesis, the focus is on drug delivery
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system application meaning a flow rate from few pL/min up to few mL/min and a pressure from
hundred pascalto afew kilopascals. i clear that fodrug deliveryapplications, the use of high
precision devices is necessary. Moreover, design requiremestgch as smallsize,
biocompatibility, sufficient displacement to achieve desired flow rates, generating enough
pressure for fluid movement, safe operation for an extended time, stable flow rates, and low
power consumption, are desired.

Micropumps are aemerging technology with potential impact on the biomedical field. However,
their reliability, biocompatibility, power consumption, and integration with other microfluidic
systems require comprehensive evaluation.

In this chapter, the fundamentals of mipumps and an analysis of micropumps technology are
included. Moreover, his chapter studies the fabrication divo different biocompatible
micropumps out of singlelayer electroactive polymersas drug delivery systesn Various
prototypes with different atuation concepts and manufacturing techniques are presented in this
chapter.Although both types of micropumps failed to produce fluid flow, the developed actuation
concepts and manufacturing techniques may serve as a foundation for a range of otHeasedP
devices.

2.1. FUNDAMENTALS OF MICROFLUIDIC PUMPS

The equations that rule the movement of a homogeneous fluid are the conservation equations:
conservations of mass, conservation of momentum and conservation of energy. They provide
information about the viocity, the pressure and the temperature field in a channel, which are
very significant properties in the microfluidic field. Inside channels, and more specifically in
micropumps, the fluids flow following these rules. The govermiggations are summarizkein
Appendix A.

Microfluidic pumps or micropumps are small devices capable of providing a constant and precise
flow in a laminar regime without generating turbulences. A laminar regime or laminar flow occurs
whenafluid flow in parallelayerswithout contact or interaction between them. In contrast, in a
turbulent regime, the fluid layers do not travel in parallel but intertwine chaotically.

TheReynolds numbeRecan be used to determinghether the transport of a fluid belongs to a
laminar or to a turbulent regimdt refers to the relation between inertial and viscous forces in a
fluid inside a channel. The Reynolds number is mathematically expressed as:

... "00
Yo — Eq2.1

where” is the density of the fluid) its velocity,Othe diameter of the channel arid,the dynamic
viscosity of the fluid. Therefore, the flow is not only determined by the fluid properties, bot als
by the channel geometry.

For values of the Reynolds number below 2300, the laminar flow tends to dominate. In a laminar
flow, the viscous forces are dominant respect to the inertial forces. A transition regime is observed
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for values of the Reynolds numbin the range between 2300 and 4000. Both laminar and
turbulent flow cohabit in this range and it is difficult éstablish a clear boundary between them.
Finally, the turbulent regime dominates for values of the Reynolds number over 4000. Here,
inertial forces are predominant. These ranges are defined for a channel with a circular shape. The
Reynolds number thresholds between regimes vary depending on the geometry of the channel
crosssection, due to the distinct interaction of the fluid layers with gfennel walls.

The fabrication techniques used in this work only permit the manufacturing of rectangular
channels. Thus, the equivalent diameter is used to calculate the corresponding circular
crosssection from a rectangular one. The equivaldi@meter refers to the diameter of a circular
tube that, for a given flow, provides the sanpeessue loss or resistancas its equivalent
rectangular duct. A round shape provides less friction to the fluid. Therefore, the equivalent
diameter of a rectangular shape is lower than the diameter of the circle with the same area. The
equivalent diameteiO of a rectangular tube can be calculated following the Huebscher equation
[89]:

O p& O E j O w? Eq2.2

where’O corresponds to the equivalent diameter in mmis the length of the major side of the
rectangular sectioiin mm andwis the length of the minoof the rectangular sectiom mm side
or the height.

Table2.1: Fluid rate for various fluids laminar Re = 1, Re = 100@)ansient(Re = 3000and turbulent(Re = 4000)egimes.

Dynamic Density Channel Fluid linear velocity (cm/s)
viscosity (kg/m3) diameter
613K0 (Um) Re=1 Re =1000 | Re =3000 Re = 4000
20 4.5 4470 13410 17880
Water 8.940E04 1000 300 0.3 298 894 1192
1000 0.1 89 268 358
20 6.8 6806 20418 27224
Ethanol 1.074E03 789 300 0.5 454 1361 1815
1000 0.1 136 408 544
20 440 440217 1320652 1760870
oil 8.100E02 920 300 29.3 29348 88043 117391
1000 8.8 8804 26413 35217

The small size of micropumps and the low fluid spigeetallylead to a very low Reynolds number

in the range from 1 to 100=or exampleTable2.1 compares the fluid velocity (in cm/s) of various
fluids for three characteristichannel diameters (20 um, 3Q@n and 100Qum) andthree regimes:
laminar (Re=1, Re=1000), transient (Re=3000) and turbulent (Re = 4000yhree common
substances are chosen for the calculations: water, ethanol and oil (from lowest to highest
viscosity). All fluid density and viscosity parameters are given for. 25°C

Table 2.1 highlights the differens®etween laminar and turbulent regimes on these channel
diameter scalesThe velocities of the laminar, transient and turbulent regimes for the chosen
substances range from a couple of cm/s to several thousand @ussidering the sizef the
microdevicesit is evident that it is extremely difficult for fluids to flow in these devices in transient
or turbulent regimesThus, only laminar regime is feasibloreover, in viscous fluids such as oils,
even in laminar regime, the flow within small channelg), a20 umdiameter) is 440 cm/s.Here
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it is demonstrated that in these microdevices the viscous forces are much larger than the inertial
forces, and thereforeiscous fluids are extremely difficult to move within the channels.

In the next section, micgumps able to transport fluids at laminar regime for biological, chemical
and medical applications are described.

2.2. TYPES OF MICROPUMPS

Micropumps, in contrast to common MEM#®vices, used to be fabricated by scaling down the
macropumps and using theinain working principle. Now, micropumps are fabricated with a great
amount of different operating principles. In general, they are classified in two main categories:
mechanical and nemechanical pumps.

Mechanical pumps normally use elements like chealees or vibrating membranes teliver a
constant fluid flow in each pump cycle, while rorechanical pumps transform another energy
form to kinetic energy giving a momentum to the fluid. Mechanical pumps have a greater size and
deliver larger flow rates #in nonmechancal pumps.

2.2.1 NON-MECHANICAL MICROPUMPS

Some examples of nemechanical micropumps are magnetgdro-dynamic[90], electrahydro-
dynamic[91], electroosmotic[92], chemica[93], osmotictype[94], capillarytype[95],
electrowetting[96] and bubbletype micropump[97]. Within this sectiorelectro-hydro-dynamic
pumps and edctrokinetic pumps are further explained.

Electrehydro-dynamic (EHD) pumps are based on electrostatic forces acting on dielectric
fluids[91]. These pumps can be categorized into three main types: induction f@8fpnjection
pump[99] and iondrag pump[100].

TheEHDinduction pump consists inducing charge at the material interface. A traveling wave of
electric field drags the induced charges along the wave direction. A fluid velocitywerfake
hundred micrometres per second can be achieved with this pump type.

In theEHDnjection pump, the Coulomb force is responsible for moving ions injected from one or
both electrodes by means of electrochemical reactions. Richter X3ldemonstrated this pump
principle with micromachied silicon electrodes. Furuya et Hl0O1] used electrode gridstanding
perpendicular tothe device surface, iorder to increase the pressure gradient. This pump can
deliver 0.12 ml/min with a drive voltage of 200 V.

The iondrag pump based its working principle on the direct injection of free charges into a
dieledric fluid medium. A sharp corona source, or emitter electrode, is used to inject ions and an
oppositely charged electrode, known as a collector electrode, attracts them. The flow of ions
between he anode and cathode drags the adjacent fluid and causes tow to occur. This type

of EHD pumping was the first to be investigated by the scientific community and is therefore well
documented[100] [102]. However, the biggest downside to this type of pumping is that it
deteriorates and dulls the emitter electrode as more and more of its material is injected into the
fluid. In addition, over time thadditional charges present in the working fluid damage the unique
electrical properties of the dielectric fluid, causing the pumping performance to declinéadnd

28



Therefore, although this type of pumping has been studied much mxtensively than the ther
types of EHD pumping and is capable of relatively -prgissure generation, itsise is not
recommendedor processes requiringontinuousor longterm operation[91].

Electrokinetic pumps [103] move conductive fluid by means of an electrical field. The
electrokinetic phenomenoman be divided into electrophoredi$04] and electreosmosig105].
Electrophoresis is the effect by which charged species in a fluid are moved by an electrical field
relative to the fluid molecules. In contrast toeetrophoresis, electrasmosis is the pumping
effect of a fluid in a channel under the application of an electrical field. A surface charge exists on
the channel wall. The surface charge comes either from the wall property or the adsorption of
charge speeis in the fluid. In the presence of an electrolyte solution, the surface charge induces
the formation of a double layer on the wall by attracting oppositely charged ions from the solution.
An external electrical field forces the double layer to move.

Although the pressure and the fluid flow in these kinds of pumps are very high, the fluids need to
have specific electrical properties to allow the movement. Thus, these panepsotpractical for
the majority of medical and pharmaceutiagplications.

2.2.2 MECHAICAL MICROPUMPS

Mechanical micropumps examples are electrostftas], piezoelectrig107], thermo-pneumatic
[108], shape memory allojl09], bimetallic[110] and ionic conductive polymer filfd11]. In this
section, the focus is on the piezoelectric and the theqpm@umatic types.

Figure2.1(a)shows aschematic of a piezoelectric diaphragm pufhp2]. A membrane fabricated

with a piezoelectric material deforms while voltage is applied. The displacement of the membrane
generates a change in pressure duethe increase/decrease of the volume in the chamber. By
deforming the piezoelectric membrane with a certain frequency, the fluid flows inside the
chamber and then outside the chamber leading to a constant flow. Irtythesof pump, any kind

of fluid can beopumped without requiring any special property, unlike the previous pumps shown.

Advantages of piezoelectric actuation based micropump are their fast response and simple
structure, which however provides large actuation forces. The main drawbacks areha hig
actuation voltage and a complex fabrication process.

The thermepneumatic[108] type actuation mechanism for micropumps is also an important
category in the mechanic&/pe micropump classification. This kind of mechanism can be based
on either vibrating diaphragm or peristaltic movement.

Figure2.1(b) shows aschematic view of a thermpneumatic micropump. The air inside the air
chamber is periodically and alternatively heated and cooled using a combination of heater and
cooler. The aichamber and pump chamber are separated by a diaphragm. The expansion and
compression of air in the air chambegiuses the pumping of liquid in the pump chamber with the
help of inlet and outlet valves.
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Figure2.1: (a) Layoutof apiezoelectric diaphragm pump (adapted frdii2]). (b) Schematic view of a thermpneumatic
micropump(adapted from[108]).

Some of the advantages present in the thermmeumatic pumps are: 1) they can be easily
fabricated using soft lithography techniques and 2) despite the very small actuation of the
diaphragm, the membnae undergoesvery large deflections

CONFIGURATIONS FOR MECHANICAL MICROPUMPS

Mechanical micropumps have different configurations depending on the actuation priraiple
which they are based or the power/fluid flow needed for each application. Somegcoafions

of mechanical micropumps are rotary pumps, cheakre pumps, valveless rectification pumps
and peristaltic pumps.

Supply mode
Qutlet valve Inlet valve Nozzle Diffuser
? # ACHON e RR——— action
— Negative Pressure <4
Housing é ~ /-‘ r/’/
outlet inlet
Vane
Pump mode
Diffuser Nozzle
action action
Chamber ﬁ R
< Positive Pressure >
Rotor /W r//
outlet inlet
(a) (b)

Figure2.2: (a) Rotatory pump(b) Valveless rectification pump.

In a rotatory pump, the fluid is retained in a chamber and then discharged in a smooth flow by the
movement of a rotor with a vane. All types of fluids can be pumped thithconfiguration, only
exceptions are corrosive fluids which could damage the chamber. If dealing with high viscous
fluids, the only limitation can be the minimum speed necessary to fill the casing, in order to
successfully move the maximal quantityfloid while the rotor moves.
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The design of the rotatory pump is simple, as it can be observegjune2.2(a). It is mainly based
on a chamber, two vaks-inlet and outlet valves a housing and a rotor. The rotary pumps
include: a carand-piston, an internalyear, a lobular, a screw and vane pumps.

Checkvalve pumps are a very typical macroscale pump type and, for this reason, they were the
first miniaturised type in microscale pumps. In general, a chvatke pump has a pump chamber,
two checkvalves and an actuator unit

Valveless rectification pumpge similarto checkvalve pumpshowever, instead of using check
valves to control how théuid flows, theyuse rectifying geometries such asozzlddiffuser or a
Teslastructure. This also prevents the fluid from flowing backwarésgure 2.2 (b) shows a
valveless rectification pump. The upper drawing represents the pump in the supply mode, where
the fluid is introduced in the chamber. The bottdayoutrepresents thgpump mode, where the
positive pressure created due to the diaphragm meertw deformation allows the liquid to flow
out the chamber through the diffuser elemenarious esearcher$113]114]have reported that
flow rectification is not achievable in laminar flow for thezale/diffuser type of pump, whereas
Gamboa et al[115] proved in his studies that the flow for Tesla structure is achievable for
Reynotls numberhigher than200. New structures for the valveless rectification pumps such as
bifurcationandtriangles as well asow frequency actuation ranggare promising taeduce the
Reynolds numbei116]. Nonethelessthe results obtained are still far from the Reynolds numbers
needed for biological applications, normailtythe range ofl-10.

The lastype of pump described in this section is peristaltic pufhp7]. Peristaltic pumps, unlike
checkvalves, do not require the presence of external valves or passive valves for the flow
rectification. The peristaltic pup consists of at least 3 chambers. These chambers move in a wave
propagating motion leading to a displacement of the fluid in pulses in the desired direction.

In this work, peristaltianicropumps are chosen for the fluid transport. In the next sectidw t
main reasons and characteristied peristaltic micropumpsfor biological applications are
described

PERISTALTMICROPUMPS OUT OF ELECTROACTIVE POLYMERS

Theaim of the work presented here is to develop microfluidic deviabke totransport biological,
pharmaceutical and medical fluids in a controlled and precise fashion.

Nortrmechanical micropumps, such as eleéiydro-dynamic and electremsmotic pumps, are
very precise and gentle to fluids. In addition, they can achieve highffaw and high pressure.
The main drawback of these micropumps is the electrical properties of the fleglsred to
induce the flow This is not suitable for most medical and pharmaceutical fluids.

In mechanical micropumps, however, fluids do not neeé€ulfil speciakelectrical properties to be
transported. External power is supplied to the micropump to enable fluid flow. These micropumps
provide high pressure, high flow rates and minimal backflow. However, some of the operating
principles of these pugs are critical for biological applications. For example, in rotary pumps,
fluids containing cells can be damaged or in chetke pumps, fluids can clog the system and
cause high pressure losses. In naitiser pumps, laminar flow at low Reynoldsdsficult to
achieve and reverse flow is a critical problérhis behaviour can lead to extreme o#dr fatigue,
causing the cells to die or behave differerttian usual.
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To overcome these issues, peristaltic micropumpshare choseras the ideal pumjor biological
applications.In a peristaltic pump, the fluid is only in contact with the walls of the tubing and
chambers used for pumping. Thus, it is a very gentle fluid transport method. This allows the fluid
to keep a high purity, avoiding contaminati It is very useful in medical and pharmaceutical
applications, where sensitive fluids containing cells, bacteria and drugsoéedumped. It also
favours the use of peristaltic pumps with delicate or fragile liquids rather than with other pump
desigqis, for example rotatory pumps.

Peristalticmicropumps are considered as very precise pumps for dosing applications. Moreover,
they are easy to clean due to the lack of external parts like seals or valvesoHlgréhe tubing
needs to be cleaned or replaced to avoid contamination when different farelsised. This results

in reduced maintenance times and reduced downtime.

Examining the actuation method utilized in peristaltic pumps is important for assessing the
capabilities and possibilities of such systefstuators can be evaluated and comparexséd on

three key parameters: the force they can exert, the displacement they can achieve, and their
frequency responsé?neumatic and hydraulic actuators are capable of producing large forces and
large displacements, but their frequency response is tylyidaw, around a few HLonversely
piezoelectric actuators have a high frequency response, in the range of hundreds of MHz and
above, but they typically produce small displacements in thierometer range. Dielectric
Elastomer Actuators fall in betweewijth small forces, typically on the order of few newtons, but
large displacements, in the range of millimeter to centimeters, and frequency response of up to 1
kHz which makes them webBuited for highspeed pumping applications. This allows precise flow
rate control in addition to high flow rate capability

Dielectric elastomer actuators are a promising technology for pumping applications in the medical
and pharmaceutical fields. One of the main advantages of DEASs is their high energy(dertsity
0.4J-cn%®), which allows them to generate a large amount of force for a given volume. This makes
them well suited for use in small, portable medical devices, such as wearable pumps for
administering drugsFor magnetic actuators thenergy densit is inthe range of 0.010.1 J-cn#®.
Piezoelectriactuators on the other hand, typically have lower energy density, typically in the
range of 16103 J-cn%,

The lifetime of DEAs is very high, lasting over hundred thousand cycles of actuation. This directly
impacts the overall performance and reliability of the peristaltic pump. A long lifetime is highly
desirable as it allows for the pump to function consiskgand effectively over a prolonged period

of time. This is especially important for applications such as medical and pharmaceutical use,
where the pump must be reliable and operate consistently for long periods of time. It ensures the
pump can operate foa long time without the need for frequent maintenance or replacement.
This results in lower costs, increased reliability, and greater convenience for users.

DEAs also have a simple structure and can be fabricated usirgpkivand scalable methods. $hi
makes them an attractive option for commercialization and mass production of medical devices,
which can help to reduce costs and increase accessibility.

The biocompatibility of dielectric elastomer actuators has been extensively studied and has been
found to be favourable. This is due to the use of #ioxic and biocompatible materials, such as
silicone, in their construction. As a result, DEAs do not elicit adverse reactions or cause harm to
living tissue or biological fluids when in contact.

32



Additionaly, DEAsare operated at relatively high voltage, which is required to create the large
electrostatic forces that cause the DEA to deform, this high voltage operation can be a major
drawback of DEAs, as it requires specialized power electronics and isefasyires to ensure safe
operation.

Due to the above reasons, the peristaltic pump configuration actuated by the actidielettric
elastomer actuatorss the desired pump type used within this thesis. In the following sections,
two peristaltic pump prottypes are described and characterized. Both types of peristaltic pumps
are based on a single prestressed diaphragm made of an elastomer material.

In the peristaltic pump prototypes (chapter 2) and also in the pumping micromixer (chapters 3, 4
and 5),the actuator elements are driven by rectangular signals with a phase shift to produce
peristaltic motions of contraction and relaxation, like the ones occurring in some organs in the
human body. Segments of the alimentary canal alternately contract aada,rallowing the food

to be transported Figure2.3).
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Figure2.3: Layoutof the peristalsis in the huem body(based or{118]).

In this chapter, the prototypes, named peristaltic pumtype 1 and type2, differ in the working
principle. In the peristaltic pumptype 1, three actuators located in series below the channel and
in the fluid flow directiongeneratea propagationwave of the fluid. This prototype is fabricated
with two different methods:

1) Liquid elastomer film (sectich3)
2) Solid elastomer film (secti¢h4)

The peristaltic pump type 2 (section2.5), however, is based on twarrays of threeactuators
located in parallel to the channelhepressure differencecquired along the channehllows the
fluid movement. Type 2 is fabricated witte solid elastomer film method.

2.3. SNGLELAYER PERISTALTIC PQNIPPEL LIQUID FILM

In this section, the peristaltipumpz type 1 fabricated with the liquid film method is described.
Its working principle, an analyticalodel and its characterization anecluded here.
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2.3.1WORKING PRINCIPLE

The main principle of the design of tperistaltic pumpz type lisa single membrane made of an
elastomer. On top and bottom of this membrane, electrodes are located in series, leading to three
actuators (with the same shape) located in a line (more detailsignre2.4). On top of these
actuators, a rectangular crosection channel of a much softer elastomer is located. The channel
contains the fluid Figure2.5).

Actuation direction 2
(non-desired)

Actuation direction 1
(desired)

(@)

PMMA holding frame
PDMS dielectric membrane
Actuator

Upper electrode

Bottom electrode

Double-sided adhesive

(b)

Figure2.4: Geometry of the proposed peristaltic pun{a) Top view andb) crosssectionof the device.

By applying voltage to the driving electrodes, a decrease in the elastomer thickness is observed
but also an expansion in area, due to the main DEA principle. The chdimaetlly in contact to

the actuators moves at the same pace. While actuating the atiumwith different phases, the
difference of pressure acquired along the channel allows the fluid to flow.

As above mentioned, DEAs expand in area. For this application, only the expansion in the
perpendicular direction to the channel length is neededud hthe optimization of actuator
expansion (sectio2.3.2 in this direction is critical to maximize the potential of the peristaltic
pump. A scheme of the actuation directions is showrFigure2.4(a). The aows show the
direction of the actuation. Direction 1 is the main actuation direction (or desired direction), while
direction 2 is the secondary direction.

Figure2.4(a)represents the top view of the device. The red circles are rigid frames (PMMA). They
hold the membrane prestretch with the help of a doulslieled tape. Details about the materials
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in use and the fabrication are explained in sectib&.3and in Appendix (Figure2.4(b) shows
the crasssection view of the device: the passive and active width, excluding the frame zone. This
figure is meant to provide a visual representation of the location of the electrodes in the device.

Figure2.5 shows the channel structure in detail. The soft PDMS channel is depicted in dark green.
Figure2.5(a)presents the top view of the device with the fluid inlet and outlet. The device is
symmetrical. Hence, the fluid inlet and outlet are reversiblegure 2.5(b)displays the
crosssection of the complete device. Here, the inner width of the channel and the width of the
actuators coincide in size and in vertical position.

Inlet
PDMS hollow n
channel -
Outlet
() (b)

Figure2.5: (a) Top view of the device with the hollow channel on top of the actuat@rsCrosssection of the full device.

The diameter of the membrane is determined by the fabrication process. The electrode deposition
method, based on stamping the electrode material on top ofdlestomeric membrane, requires

a circular device of 38/mm diameter. Thus, the devices largeath38.5mm or devices with
non-circular distributions are not possible. The actuator width is determined by the minimum
acceptable width of the electrodes possible with the stamping methaar(® and the length of

the actuators is determined consideringethotal distance and the required space for connecting
the necessary tubing posterior to the fabrication of the device and the possibility to increment the
number of chambers in the future.

The maximal deformation of an actuator takes place on its boiider,on the line that separates
the actuation region and the passive region. For this reason, the channel has the samasvidth
the actuators, so that its walls expand at their maximum during actuation.

The materials for the fabrication of the actuatore&ylgar@186 from Dow ChemicaJ$19]and,
for the electrode, a homemade mixed of carbon black and solvents.

After all thegeometry values and materials for the device are chosen, it is necessary to optimize
the deformation of the actuators in the perpendicular direction of the fluid flow, to allow a greater
deformation of the channel and thyuan increase in the pumping action. The PDMS membrane is
bidirectionally prestressed in order to increase the actuation in one direction and decrease it in
the other direction. Previous research has shown that a greater prestress of the membrane in the
opposite direction than the desired one, leads to an increase of the deformatitimeiiesired
direction while applying voltage.
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As demonstrated earlier in the hyperelastic section (sectiéhl), it is challenging to predict the
deformation of the PDMS due to its ndinear behaviour at very high strains. In the following
section, an analytical model based on the Gent model for hyperelastierials(section1.2.1B)

is used to determine the dermation in thex andy axis of the actuator based on the applied
voltage, the properties of the elastomer and the geometry of the actuator. This helps to predict
how much deformation isheoretically expected in the actuators and the optimized values of
prestretch in both directions.

By knowing the maximum deformation of the actuators ahd maximum deformation of the
channel, it is possible to first predict the volume difference when the actuators are turned on
versus when they are turned offlsing the net volume, it is possible to predict the maximum fluid
flow rate possible for this system under specific conditions of frequency and sequence of actuation
of the actuators. Thus, it becomes feasible to predict the potential of these devicepacethem

with other technologies, and contrast them with experimentally derived values.

2.3.2 ANALYTICAL MODEL

The analytical modelling of the actuation is done using a MAT&&RBt where parameters like
optimum prestretching values, stretch after actuatiand failure modes, are calculated. The script
and the modelling corresponds to the proposed model of Rosset[@2d]121]. The deformation

of the dielectric material is modelled with the considerations of a hyperelastic material following
the Gent Model foiSylgar@186 PDMS, described in sectibr2.1B.

The first optimization done is the calculation of the optimum stretch after actuation, The
stretch,1, here is defined as the ratio between the final thickness after actuation anchitie
thickness after manual prestretch. The first index represents the direction of actuation (1 for the
desired actuation direction, perpendicular to the fluid flow), while the second index indicates
actuationa.

The active region is defined as thed of the actuator, while the passive region is the width
where there is no actuator. Obtained from the calculations at different prestretches, the active
ratio O or the ratio between the active region and the total region (active region plus passive
regon) is derived.

Table2.2. Fixed parameters for the optimization

Geometry

Thickness after prestretch 50 pm
Actuatorlength 3.2 mm
Actuator width 2 mm
Active ratio Q) 0.01:0.01:0.99
Gent modelparameters

Jm 16.62

1} 365000 Pa
Electrical parameters

Bod 100 V/um
Relative permittivity 2.5

Voltage 0:100:5000 V
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The failure modes considered are divergence of the Gent model, loss of tension in the membrane
and compression in the actuation direction. The values used for this optimization, in terms of
geometry, Gent model and electrical parameters, are summarizédle2.2.

The minimum prestretch in the direction 1 is defined as the uniaxial case. The membrane is
prestretched along direction 2 and allowed telax along the other directions. The minimum
prestretch in the direction 2 is predefined with a minimum value of 1. For simplicity, it is
considered that the length of the actuator does not influence the final results.

After the calculations, it is conaead that the greater actuation is obtained when the active region

or actuator width is small and there is a big passive zone where the actuator can expand. The
optimum ratio obtainedis 0.12, for which the optimum prestretcps values obtained are

} T 1T Card 1 ¢® tfor the actuationdirection (1)and the perpendicular direction

(2), respectively. The maximal theoretical stretch obtained after actuatidn is p& @ ov, in

other words, a deformation of 26 % the initial width in the directiori.

A second script is used in order to have a wide vision of all the possible prestretches and the stretch
obtained with a fix value of optimization ratioafr The combinations under study are the
prestretches values using a fixed value for the ratio actidth/total width of 0.12. The total
amount of stretches after actuation obtained is 32955, plotteéigure2.6.

The regions not plotted are due to failure of the actuation. From blue to red, the colour bar shows
the stretch obtained after actuation}( ) in the desired direction, perpendicular to the itlu
channel. The greater stretch after actuation, according to the data previously shown, is displayed
in the box in the figure, together with the optimal prestretch. The darker red ellipsoidal region
shows the maximal actuation range possible. The presreainges where the actuation stretch

is over 20% are:

0564 <1.08

1464 <39
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Figure2.6: Actuation stretch obtained for different bidirectional prestretcHesm 0 to 4.5 for direction 1 and from 1 to 4.5
for direction 2. The actuation stretch obtained is in the range between Ipanhap @ght bar).

To decrease the probability of failure and add some tension to the above prestretth of

T ¢in the actwation direction, the values considered for the prestretch dre 0.90, for
prestretch in actuation direction, andl ¢&, for the perpendicular direction. This leads to a
stretch after actuation ofl 1.24, i.e., 284 deformation.

The maximum possible deformation of the actuator allows the calculation of the optimum fluid
flow obtained under ideal operating conditions. To assess the pumping conditions, the difference
in initial chamber volume and final chamber volume, or in otherdspthe net volume, needs to

be calculated.

The initial chamber volume corresponds to the dimensions of a single actuator chamb@m3.2
length, 2 mm width and 0.5 mm height (channel height). This results in a volumedf.3A2 the
actuator expandsn area, the chamber volume increases. Assuming only a lateral deformation of
24 % of its initial width, the final chamber volume is 3.968 uL. The volume difference between
activated and deactivated actuator is the fluid volume able to flow. Thus, 0.788tg maximal
expected net volume.

Following the considerations from Schimmelpfenfiig2] for a three chamber peristaltic pump
and a high flow rate sequencthe pumping sequence is as follows:
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Actuator 1 Actuator 2 Actuator 3

1 0 1 Step 1
1 1 0 Step 2
0 1 1 Step 3

Regardless of the total number of chambers, in the high flow rate sequence, two chambers are
consistently closed (indicated as 1) while the other chambers remain open (represented by 0).
When there are three chambers, this results in two chambers beisgdland one chamber being

21LSYy (GKNRdzZAK2dzi GKS O@d0fSod ¢KS LI GUSNYy o6S3Aya
left to right in n steps, whera corresponds tdhe total number of chambers. €hhigh flow rate

sequence produces-8 boluses of fluidluring atime period ofn steps The flow rateQ can be

calculated using the formul®=(n-2)/n)Qo, whereas  corresponds to the channel volume

divided by one step time. For the particular case of three chambers, the flow rate iQth@ys3.

The pump transports only 1/3 its chamber volume per cycle

Based on the factors above mentioned and the peristaltic pump's design, the flowesatks in

0.256 pL/cycle. Considering a 1 Hz actuation frequency, the expected fluid flow corresponds to
15.36 pL/min or a linear velocity of 15.36 mm/min (for a channel o2 width and 0.5 mm
height).

Following the calculations fahe Reynolds number and for theguivalent diameter described in
section2.1for the diverse fluids, a very low Reynolds number is obtained. A very laminar regime
is expected in this micropump. Thus, these pumps turn out to be unsuitable for high viscous fluids
like oil. Table2.3 shows the Reynolds number for diverse fluids at 25°C considering a linear velocity
of 15.36mm/s and an equivalent diameter of 1.0&m.

Table2.3: Calculaed Reynolds number for 1 Hz actuation and diverse fluids.

Fluid Density Dyne,tmic viscs)sity. Reynolds
(kg/m3) 01 3IKOYi number
Water 1000 8.940E04 0.295
Ethanol 789 1.074E03 0.194
Oil 920 8.100E02 0.003

2.3.3DEAFABRICATION.IQUID FILM METHOD

Thefabrication method of these actuators follows the standard fabrication method for dielectric
StlFrad2YSN) I OGdzZr i2NAR R2yS o6& GKS 9t C[ 3INRdzLI 4
Prof.Shea. A detailed protocol and video with the general fabricatr@thod was previously
published by Rosset et §1.23].
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The fabrication of the full device, including the channel, is described in Appendix C of this work. In
this section, the kefeatures ofthe fabrication are highlighted.

The elastomer membrane is made®¥lgar@ 186 from Dow ChemicalSylgar&186 is basd on
two components, A and B, and the mixing ratio used is 10:1, respectiVelyproduce a
homogeneous film, e PDMSmixture is cast with a variable gap applicaton top of a
Polyethylene TerephthalatéPE) substrate. To enhance the cresking, the film is heated fot
hour at 80°CAfter casting, lhe thickness of théilmsiswu ¢ A I.

The membrane is prestretcheatcording tathe values obtainedluring the analytical modelling
The prestretching is denbidirectionally in the directions 1 and 2, witragnitudes of 0.9 and 2.2,
respectively.To hold the prestretch, double frame of polymethyl methacrylate (PMMA) 3 mm
thick is attached to the membrane

After prestretching, the elastomeahicknessist X ¢ A I thick. This thickness measurement is
essential to avoid electrical breakdown, in case the membrane is thinner than expected. The
dielectric breakdown foSylgar® 186 is 100// um. This leads to a maximal applied voltage of
4700V for a 47um thick membrae.

The electrode material is based on a taie of carbon black, silicone elastomer and isooctane.
The electrodes are pad printed on top and bottom of the prestretch elastomer membEareto
the polymericcomposition of the electrodes, tliecrosslinking is crucial. This is done by heating
the electrodesl hour at 80°CThe thickness of the electrode with this method is approximately
3 um.

Figure2.7(a) presents thedevice dter depositing the electroded oachievethe calculatedactive
ratio i ™ ¢ 5 , PMMA frames arebonded on top and bottom of the
membrane Figure2.7(b)).

(b)

Figure2.7: (a) Photo of the preliminary devicgb) Preliminary device with the PMMA frames on top and bottom to obtain
the exact activeatio.

For this peristaltic pump, the channel should also be flexible and with a low Young’s modulus. The
microfluidic channel deforms due to the actuator displacement at the bottom of the channel.
Therefore, PDMS is also used for the channel but with a muatr laung’s modulus than that
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of the elastomer layer dbylgar186, MED4086 from NuSjiL24]. The properies of this material
are found in Appendix QableC1.

For the fabrication of the channel, three PDMS layersaeded:top (50 um thick) wall (500 pum
thick) and bottom(50 pm thick) The fabrication is based on the lamination process

1) Cast thePDMS3ayersasthin films
2) Laser cutfor defining theshgpe of each layer
3) Plasma & for bonding the layers

In Figure2.8, crosssections of the device are represented. On the left, the dielectric membrane
with the top and bottomelectrodesandthe channelocated aboveOn the right, each layer of the
channel and their final thicknesk the figure, the inside hollow of éhchannel corresponds to
the width of the actuators.

Finally, the device is both electrically and fluidically connebtedsing flexiblgubes.

Channel: MED4086 Top layer: 50 pm

- ‘ ——p Channel wall: 500 pm

\ Bottom layer: 50 um

Dielectric: Sylgard 186

Figure2.8: Crosssection of the channel geometrgonsisting of a layer of 50m at the bottom, a channel wall of 5Q0n
and a layer of 5Qum at the top.

2.3.4(HARACTERIZATION

A. Characterization of the deformation

In this section, the deformatioaf the actuatorswith respect to the applied electric field isder
study. The measurement setup consists o

- A 4channel high voltage power supply
- A DinclLite digital USBnicroscope

- ALabVIEW program
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Figure2.9: Measurement setup for characterizing tesplacement of the actuators.

The 4channel voltage supply was developed during the HRtaVoltron Project[125]. It is
controlled by a LabVIEW program. The U&W program synchronizes the voltage with the image
captured by a Dindite digital USBnicroscope. Thus, the displacement/stretch of the actuator at
a certain voltage is determinedrigure2.9 shows an image of the masurement setup with a
description of its elements.

The first measurements are devoted to the knowledge of the amount of stretch obtained at
different electric fieldsn the directions 1 and 2.

Figure2.10andFigure2.11display the values obtaine@n the top left of the figures, an image of
the actuator with redarrows pointingin the directionof the aduation is shownThe measured
actuator is the one in the middle of the membrane. In this device, the actuators are held with a

prestretch of_ Toand _ ¢&, and an active ratio — T3t v

L

1.20 -
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1.08 A
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1.04 A

1.00
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Electric Field (V/um)

,,,,, »n-- Ramp 1 coone [l Ramp 2 vl Ramp 3 Ramp il

Figure2.10: Actuation stretch versus voltage in the direction 1 of actuation or desired direction. Rectangles correspond to
measurement points, while dotted lines are only a visual guidance. On the top left gfdpé, a photo of the device with
red arrows along direction 1 is shown.

The voltagedeformation hysteresis curves are shown. The ramps are taken in 11 points from 0 V
to a maximal voltage of 5000 V (192um) and back from 5000 V to 0 V. In each poirg,dpplied
voltage stays constant for 5 seconds and then switch to the next value of the ramp. All ramps show
very similar values of actuation stretch for the same voltages. For each ramp, the active stretch (
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axis) during charging is lower than the actsteetch during discharging. The deformation of the
actuators is retained when moving from a high to low voltage (discharging). DEAs akeavell

for their rapid response to an electric field. Thus, this can be caused by a poor electrical connection
between electrodes and power supply.

The middle actuator presents the following stretches at the maximal volt&ge 5000 V,
102V/um)) of:

T _ p® w tdesired direction, perpendicular to the fluid flow)
1T _ p8t T (fluid flow direction)

The theoretical analysis shows a maximal actuation in the desired direction of p& t(section
2.3.2 for an active ratio ofa= 0.12 and an electric field of 18@um. It corresponds to % more
deformation in the theoretical results than in the real case. Moreover, the parameters used for
the middle actuator are meant to have better results than that of the theoretical prediction due
to 1) a lower active ratios+ 0.05, i.e., more passive region to expand and 2) a higher electric field
102V/pum.

1.06

1.05

1.04

1.03

1.02

Active Stretch (A,,)

1.01

1.00

0 10 20 30 40 50 60 70 80 90 100 110
Electric Field (V/um)

..... B Rampl TN TE Ramp2 vl Ramp3 Ramp4

Figure2.11: Actuation stretch versus voltage in the direction 2 of actuatiRectangles are measurement points, while
dashed lines are only a visualidance. On the top left of the graph, a photo of the device with red arrows aloegtion 2
is shown.

In the next step, the same actuator is tested with an active ratio of 3 TP ¢To do so,

a PMMA frame is located on top of the elastomer to reduce the passive region width (from 36.5
mm to 14.7 mm). A PMMA laser cut franwith an inner hollow (a rectangle with Room
Temperature Vulcanizingr RTV double sided tape) is attached both on top and bottom of the
membrane.

Figure2.12 shows a graph with the values of the middle actuator without the framie or T8t v
(NF, measured first), and with the frameior T ¢F). As it can be observed in the graphs, the
actuator with the frame has a slightly bigger actuation than the one without the fr&woeording

to the theory,this is notpossible the more passive region there is around the actuator, the more
actuation sretch should be obtained.
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A possibleexplanation to this phenomenon is that the actuator performance improves over time.
This has alreadpeen proven in the case of dielectrstackedactuators when the actuation
increases with a certain number of actuats at the beginning, leading to a high increase of the
deformation during the life cycle.

From this point on, since there is not a big difference between having a frame or not, the following
devices are manufactured with a frame in order to give morigitigto the system.

The analytical model as it is formulated is useful to characterize the performance of a single
actuator only surrounded by passive region. The designed peristaltic pump is based on three
actuators located in series. Therefore, it ipontant to know the influence of one actuator on the
following when only one of them is active.

1.25 ~
1.20 A

1.15 A1

1.10 A

Active Stretch (A,,)

1.05 A

o e
_ "m“al:|nummmn:ﬁ‘!umtu!
: . I I ) T T T T 1
0 10 20 30 40 50 60 70 o - —~ |
Electric Field (V/um)

“““ & Ramp 1-NF -~ Ramp 2-NF - Ramp 3-NF Ramp 4-NF

..... Y VI Ramp 1-F ceeeogleeee Ramp 2-F ceeeooflienes Ramp 3-F FPPR VRPN Ramp A-F

Figure2.12: Characterization of the deformation of the actuator with active ratio 0.12 (frame, F) and aatived.05 (no
frame, NF)Dotted lines are only a visual guidan@mn the top left of the graph, Eyoutof the device with frame is shown.
The middle or measured actuator is highlighted in green.

The deformation produced by the upper actuator on the remaining actuators is measured with
the measurement setup shown iRigure2.9. In Figure2.13, the upper actuator (in green) is
actuated, while the measuremeipibints are coloured with the same colour agHigure2.14, for

a better understanding of the data. Here, only the displacement in the desired direction and the
ascending ramps (from O until 100 V/um) are represented for clarity.

The actuation in the above part of the second actuator (red line) showaxanmal deformation of
14% in the direction 1 at 99 V/um. For the lower part of the second actuator (green line) the
deformation is 1. For the third actuator the deformation is 4% and 1.4% for the upper part
(purple line) and for the lower part (yelv line), respectively.

44



006

Figure2.13: Layous of thepoints taken for the measurement of interaction between actuators.
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Figure2.14: Deformation in the desired direction induced by the first actuator of the remaining actuddatsed lines are
only a visual guidance.

For the fabrication of the following actuator devices, the actuators geometry does not change,
except for the separatiobetween the actuators in the direction 2, which is changed tonsn2
Based orFigure2.14 for this new geometry, the deformation of the following actuator when the
previous one is actuated is 4% (values in Ramp 3lere, the distance between the two actuators

is 5.2 mm.

A thinner actuator of 4Qum is fabricated with the mentioned separatid@tween actuators and

an increase of the actuation of the actuators is observed. The maximal deformation in this case is
the same as the one obtained by the mathematical analysis for a 50 um thickne¥s:Fagure

2.15. This could be explained due to the less passivity surrounding the actud@terslistance

from one actuator to the next one igreater; thus, the nonactivated electrodesxert less
inhibitionto the deformation of the active electrodeSome simplifiations of the analytical model

are: 1) the length of the actuator has no influence and 2) the distance to the next actuator is not
evaluated, only one actuator is considered.

The image processing of the results also shows that the actuator at this defonm@4%)
presents doss of tension where wrinkles are present in the actuatoFigure2.15, a picture of
the bottom actuatorwith a deformation of 244 is shown.

When the voltagé/is large or the axial fordeis compressive and of a large magnitude, the stress
in the plane of the elastomer may cease to be tensile. This loss of tension causes the elastomer to
buckle out of the plane, so that the elastomer does no longer gener&teca of actuation. This
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out-of-plane deformation creates instabilities which could end up in a failure mode of the
actuator[126].
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Figure2.15: Deformation in the desired actuation direction of a thinner membranep@). Dotted lines are only a visual
guidance. A picture of theottom actuator witha deformation of 244 and its loss of tension is shown (top left).

After several rampssomedeformation at O V remamifrom the previous rampkigure2.16 shows

an example of that remaining stretch. While Ramp 1 starts\&with zerodeformation, Ramp 2
starts with 4% deformation at 0 V, corresponding to the latest value of deformation of the Ramp
1. A similar behaviour is observed for Ramp 3 and Rarhpthe dielectriclayer, static charges
remain afterthe cycle is finished andérefore, a small deformation stays constant, unless long
periods of time elapse between a ramp and the following one.bEf&viour shown ifrigure2.16
corresponds to the upper actuator of a fth thick membrane device submitted to an electric
field.

The channeldescribed in sectiof.3.3and in AppendixC,islocated on top of the membrane and

the displacement of the channel is characterized with the measurement setup previously shown.
The attachment between channel and thesgiomer membrane is only done by direct contact of
both surfaces.

Figure2.17 shows the difference in deformation when the channel is located on the membrane
(C) and without the channel (NC). A loss &f% of deformation occurs when the channel is
located on top of the membrane.
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Figure2.16: Series of ramps of the upper actuator of a4 thick membrane device submitted to an electric field. Stretch
obtainedafter four ramps in an actuator.
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Figure2.17: Characterization of the displacement of the actuation with channel (C, triangles) and without channel (NC,
rectangles)Dotted lines are only a visual guidanc

Although the deformation isignificantlysmaller than expected, the channel is filled withniker.

The actuators at00 V/ummimic a peristaltic motion at a constant frequency of 1 Hz, with a phase
shift of 1/3 G- 120°) and a duty cycle of 0bigure2.18 represents three propagation waves

of the device in red, blue and yellow, respectivélg. movement of thdiquid is observed during
this demonstration. No leaking of the fluid is observed either.
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Figure2.18: Configuration for the peristaltic pump at 1 Hz frequency, 0.5 duty cycle and 1/3 phase shift.

To prove the adhesion, the channel is separated. In doing so, part of the upper electrode and the
channel are separated from the elastomer membrane. This indicates a strong adhesion between
the channel and the electrode. A representation of this is shawRigure2.19. Here, the top
electrode is visible in black and the bottom electrode in grey.

Figure2.19: Actuator after detaching the channel. A part of the top electrode is also detached with the channel.

As previously mentioned, the bottom layefrthe channekignificantly decreases the performance
of the actuators. Térefore, channels withthinner bottom layers (4@um, 30pm, 20pum and 10um
thick) are fabricated Thinner bottom layersléss thanl10um thick) with high quality cannot be
handled with the channel manufacturing method proposed hehe. the following, the
deformation of the actators with these channels is anadyl. Thedeformation,in this caseis in
the same range as for the 50 um thick bottom layeg(re2.17). Ttus, the microdevices obtained
by reducing thethickness of théottom layer do not pump fluids

In the next steps, the channel is only manufactured using the top layer and the wall layer, omitting
the bottom layer. The purpose here is to increase the deformatibthe actuator and thus, the

channel deformation.

Regarding the electrical connections, the ground electric connection is always coupled to the
upper electrode. This prevents the liquid to be in direct contact with the high voltage.
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Figure2.20: The deformation of the actuator with the channel (C, only top layer and wall) is reduced betwedéra@d 1%
of the maximal deformation obtained without the channel (NC).

The deformation of the actuat with the channel (only top layer and wall layer) is approximately
reduced between 0.%% and 1% of the maximal deformation obtained without the channel.
Figure2.20 shows the difference of deformation. In this case, the actuation without channel is
much less than previously measured, most probably because the elastomer membrane is much
thicker than the previous ones and hence, more voltage is necessary to achiesartiee
deformation.

B. Fluid flow characterization

In this section, the fluid flow in the single layer peristaltic putype 1 is investigateddere, he
channel only consists of a top layer and a channel wall I&e to the lack of bottom layer, the
top electrodes of the actuators are connected to grouBdlwateris introduced into the channels
through the fluidic connection explainedAppendix CTheactuatrs performat 4.5 kV, 1/3 phase
shift, 0.5 duty cyclend 1Hz following thepattern describel in Figure2.18.

The fluid flow is characterized by video recordiAgDineLite digital USBnicroscope recordthe
fluid displacementinside the channel.Five microfluidic micropumps are testedhe video
recording proves a displacement of the fluid for all tested microfluidic micropumps

Figure2.21 shows an example of a recordingwo video frames of the actuators with a channel
on topare representedConsidering the channel dimensions (2 mm width anchihbheight) and
assuming the fluid to cover the full channel volumiee flow rate corresponds ta0.83pL/min.

This value is one order of magnitude lower than the theoretically calculated value in s2&ign
15.36 pL/minThe pasivation of the channel walls leads to a decrease of the net volume pumped
by the system.

Although the transport of fluids with these devices has been proven, continuous flow
measurements araot possible. The actuators suffer a dielectric breakdown afteouple of
minutes of operation. This only occurs when the actuators operate with DI water flawiag
channel without a bottom layer
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Figure2.21: Video frames where the actuators are driven at 4500 V with 1 Hz frequency and 1/3 phase shift. Blue lines point
out the difference of the meniscus from one frame to the next one. The time difference bet(@and the (b)is 21.58
seconds.

In Figure2.22, the video recording of the fluid flow shows the generation of bubbles inside the
channel.These are generated whehe actuation occurs at 4500 V. This phenomenon can be
explained bythe generation of Hland Q due to the electrolysis of wateDlwater leals from the
dielectric layer towards the high voltage electrodéhe formation of bubbles causes the
movement of the fluid to become unsteady and therefore cannot be measured aetyrat
Moreover, the dielectric membranes with a high prestretch are systematically getting broken.

() (b)

Figure2.22: Photos of the channel filled with Bater. (a) The meniscus of the fluid can be seén).Bubbles in the fluid are
shown The displacement of the fluitbwards the outletcan be observed.

It can be concluded that this device, as it is fabricated, is not suitable for pumping liguids.
channel without abottom layeris neededfor the device to pump. The lack afbottom layer
allows however, DIwater to diffuse through the membrane, leading to a fast breakdown of the
actuator. Therefore, no further experiments are developed with these materials anatdbn
technique.

In the following sections, different materials and methods for the fabrication of the peristaltic
pumpgc type 1 areinvestigated

50



2.4. SNGLELAYER PERISTALTIC PQNIPPEL SOLID FILM

To achieve larger deformation of microchannels witlop, ta walland a bottom layer, the solid
film method was investigatedhe solid film Elasto§iE2030was used as a new EAP material for
the fabrication of the peristaltic pump prototype type 1. The working principle of this new
peristaltic pump, named here singlayer peristaltic pumg type 1 solid film, corresponds to that
explained in the previous sectidh3. Furthermore, a new fabrication process is established for
single layer actuators. This wonkas performed in the MEMS group of Rarmstadt.

2.4.1 DEAFABRICATIONSOLID FILMETHOD

In this section, the fabrication method for sledayer dielectric elastomer based on solid film is
explained. The elastomeric layer is an industrially fabricatead®@hick PDMS film, manufactured

by the company Wacker, named ElastoBR030. At the moment, Elast¢d12030 films have the

best characteristics as dielectric materials for EAP actuators in terms of electrical and mechanical
properties.Table2.4 summaries the main properties of the silicone ElastoBR030127].

Table2.4: Characteristicef ElastosfE2030 for DEA fabricatigh27].

Property Value

Tensile strength 6.0 N/mm?2
Elongation 450%

Tear strength 10 N/mm
Dielectric strength 80-100 kV/mm

The ElastosilE2030 solid film supported by a PET layer is cut in a rectangular shape and
prestretched with a homemade device. The {gteetched membrane is attached to 3 mm PMMA
frames to maintain the pratretch. The frames are 6 cm square with a frame width of IT¢rase
frames are attached at the top and bottom to the elastomeric layer®@buble-sided adhesive

tape 96042 is usefbr this purpose.

Figure2.23(a)shows a photo of a singlayer peristaltic pump type -1solid film without the
channel. Contrary to the electrode stamping method, in this electrode deposition method
(explained later in this section), the device and actuator geometry are not regtridthus, the
PMMA holding frames are squares ofrf® x 6cm, with a 1 cm width. The elastomer layer has a
surface of 4.&mx4.6cm after prestretching. The three actuators have the same passive width,
enhancing a similar actuation stretch of the actuatorhe actuators, as in the previous peristaltic
pump prototype, have 3.2 mm length and 2 mm widfgure2.23(b) and (c) showlayoutsof the

top and font view of the device for a better interpretation of the photo. In the figure, the
connection of the ground electrodes to each other can be notid&e. driving electrodes are
individually connected.
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Actuation direction 2
(non-desired)

Actuation direction 1
(desired)

PMMA holding frame
PDMS dielectric membrane
Actuator

Ground electrode

Driving electrode

Double-sided adhesive

(©)

Figure2.23: Singlelayer peristaltic pumpg; type 1 solid film without the channefa) Photo of the device(b) Layout of the
top viewand(c) of the crosssectionof the device.

Due to its higltonductivity, flexibility and bonding to the dielectric materiakghite powder MF
2/99,5-99,9E, NGS Naturgraphit Gnjbiths selected aslectrode materialTable2.5 summarizes
the main properties of the electrod@wodepositionmethods are investigated: brushing graphite
powder and spraying a solution of graphite powder with isopropanol.

A. Brushing the @lctrodes

A 125um thick PET mask with the desired shape of the electrodes, is laser cut. Then it is cleaned
with a solution of isopropanol to eliminate all the dust and particles generated after the cutting.
The mask is located on top of the prestretchddstomer membrane and with a soft brush;
graphite powder MF 2/99,599,9E, NGS Naturgraphit Gmhikl brushed until the complete area

of electrodes is sufficiently covered.

Table2.5: Main properties of theraphite used for the electrodes.

Electrode MF 2/99,599,9E
Particle size (um) X50<2
Electrode conductivity (S/m) 20

Sheet resistance, one layer (kOhm/sq 10

B. Spraying the electrodes

A 3 mm PMMA frame is used as a mask with the shape and geomelry elieictrodes. On top of
it, a doublesided tape 96042 by 3Ris located with a PET layer to cover the rest of the actuator,
avoiding contamination of the free area of the device, like for example the PMMA holding frame.

The spraying is done automaticallyth an automatic spray statigexplained in sectiod.1.2The
material used is a solution of graphite powd@®F 2/99,599,9E, NGS Naturgraphit GmhH
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isopropanol As this is a weknown and automatic process)¢ advantages of thisiethod over
the previous one are the control of the electrode thickness #relhomogeneity of the layer

Figure2.24 summarizes the fabrication method for a singéydr actuatorwith the solid film
method. The electrical connection is the same as the described imMppendix C

A. Brushed electrodes B. Sprayed electrodes

air graphite

suspension
nozzle

s

PHUINRN
20, SLIINNIN
Pl Ny 8

1. PDMS dielectric membrane 2. Bidirectional prestretch 3. PMMA holding frame 4. Electrode deposition
Elastosil E2030 Shadow Mask

Figure 2.24: Fabrication process of a single layer DEA. From left to right:FP$4S Elastosil E2030 membrane (1);
bidirectional prestretch with a homemade device (2); attachment of a PMMA holding frame (3); and electrode deposition
(4). Two possible methods for electrode deposition are shown: brushing the electrodes (A) and speagiegtrodes (B).

CHANNEL FABRICATION

The channel fabrication methatescribedn section2.3.3anddetailed in Appendix @ also used
here. The material usedor the channelis Elastosit P7670. The properties of this material are
described in sectior8.2.2 in Table 3.3. This material presents similar properties as those of
MED4086 and it is easier to handle in terms of crosslinking time and temperature.

Forall connectiors, the tube is a lowdensity Polyethylene polymer (LDPE) B inner diameter
tubing and 1mm outer diameter from RCT Reichelt Chemietechnik GmbH and biologically
compatible.The previous connection techniquéescribedin Appendix Cprovides acontinuous
leakage of the fluid. Two different techniques are investigate®eljsealing the tubing to the
channel by gluing with PDMS and 2) using a glass connector.

A. Selfsealing PDMS

The first method is based on one of the most interesting properties of PDMSesditig. PDMS
serves as an adhesive for multiple materials and also to itself. A great nunmienps and valves
have already been fabricated using irreversible-setlingPDMJ128][129].

In this method, the tube is attached and sealed to the channel using PDMS in liquid form and
which is latercrosslinked. Noleakage is observed when introducing a fluid into the channel.
However, the position othe tube is not practical for filling.

B. Glass connector

This method is based on a glass connector on top of the top PDMS layer. The glass connector is
cut out of a glass wafer of 7%0n thickness. A thifilm of chromium is sputtedeposited orthe
glasswafer and patterned using UVithography and wet etching to mark the locations for the
connector.An ultrasonic drill ighen used tocut the 1.5 mm diameter circle and a wafer dicing
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saw is used to cut the rectangle shapes. Only by processing one glass wafer, 64 connectors are
fabricated.

When the glass connectors are fabricated, the top PDMS layer and the glass connector are
exposedo O, plasma, 30 secondst 100W is enough for a strong adhesion. After applying force

to them, they are introduced in an oven at 80°C for 30 minutes to get a strong bonding. The tubing
is connected to the glass connector and therefore to the PDMS chafmelovide stability to the
system, a few droplets dlastosffP7670are located on top of the channel to fix the tube in the
desired position. No leakage is observed after introducing the liquid with a syringe through the
tubing.

2.4.2 HARACTERIZATION

The characterization of the deformation versus voltage is done by applying voltage with the
measuremensetup described in sectioh2.1for the micromiver. The images of the deformation
of the actuators are recorded via a higheed camergOptronis CR 3000x2HighSpeedKame)a

A. Influence of the electrode deposition method

As mentioned above, two different methods for the deposition of electrodes ard:uggraying

and brushing the electrodes. The measurements are done via DC voltage, the applied voltage
being held during 15 seconds. The brushing electrodes method proves to make the actuator fail
at lower electric field than the spraying electrodes method

25 -
¢  Prestretch type 2 (brushed) °

20 -
— o  Prestretch type 2 (sprayed) . ¢
& 15 -
= [ ]
= .
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Figure2.25: Relation between the deformation of a prestretched membrane and the electric field for two different electrode
deposition method: sample brushingin red)and sample sprayin@n blue)electrodes.

As it can be observed irigure2.25, the brushed sample with a prestretch of Xx2.7 gets a
maximal deformation of 11.9% at 113 V/um. These measurements are repeated for a total of 8
samples. Thesamplesbreak downbefore achieving the 113 V/um or they break at this electric
field.

For the sprayed electrodes, the prestretch used is alsx2.Z and the maximal deformation is
20.77% at 174 V/um, leading to a much superior deformation and electric field only by changing
the deposition method of electrodeBigure2.25shows a plot wh the deformation versus electric
field for the two best samples obtained.
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=0 V= 2600V V=0 (after actuation)

@) (b) ()

Figure2.26: Photographs of the actuatofa) Actuator at zero voltaggb) Deformation of the actuator at applied voltage of
2600 V or 174 V/um(c)Actuator at zero voltage after a previous actuation.

The electrode layers are measured with the resistance measurement setgibedin section
4.2.2 The sheet resistancebtained is 15 kOhm/, close to 12um thick layer. For stacked
actuators fabricated in the MEMS group, the elastomer layare 5Qum thick and the
deformation is 3% in the thickness direction. For the current single layer actuator, due to the
prestretch, the final thickness of the elastomer layers is between 15 apuin3@o the electrodes
thickness influence is much greate

During the measurements at a high electric fieldhere also aigh deformation is observed, the
thicker electrode layers show a different behaviour than the thinner electrode layers. In the
thicker layers, the graphite powder particles accumulate atelges of the electrodesuring high
voltage application, leading to an increase of the edges thickness and a decrease of the middle
centred part of the electrodes. When no electfield is applied, the electrodes do not recover its
initial shape in thiknessFigure2.26 shows photographs of the mentioned phenomends.it can

be noticed inFigure2.26 (b), the electrode layers crack and particles accumulate at the edges of
the actuator.

When these crackappearin the bottom electrode ofthese actuators, the graphite particles do

not longer stay attached to the membraaedfall downdue togravity effects. Thesare the small

spots that can be observed next to the electrodes in the photographs. For stacked actuators, this
problem never ocurs due to the accumulation of dielectric layers, impeding the loss of electrode
particles.

(@) (b) (©

Figure2.27: Three photographs of the actuator @&)0 V,(b) 2400 V andc)2750 V.

At high voltage, other actuators present a linear block displacement of the electrode layers. This
displacement disconnestof the electrodes, impedindurther deformation of the actuator at
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much higher voltages. An example of this is showRigure2.27. As it can be observed, the top
of the electrode expands to form these cracks which are not in contact with the other cracks.

B. Influence of the prestrath

ForsterZiugel et al[130] studied the dependence between the thickness of the elastomer and the
electrode shape with the electrical breakdownEiastosffE2030film. Various films were studied
with a prestretchof 1.5 and without prestretch. They showed dielectric breakdown styérs
between 96 and 200 Wm during operation, depending on the applied voltage, prestretch and
the setup of the actuators. This study used films ofi80initial thick. When the membranes were
deformed withd =2, the highest dielectric breakdown was obtin

lannarelli et al[131] studied the effects of the 8, 20% and 50% prestretch of the membrane

and the thickness dependency Bfastosit E20300f 100, 76 and 5fim thick membranes in the
short and long term. Thegiemonstrated that the films exposed to a larger prestretch have an
enhancement of the dielectric breakdown, in some of the cases; they doubled the dielectric
breakdown of themembranes withoutprestretch. Theyconcluded that, in the long term, the
higherprestretch membranes suffer from a lower lifetime performance.

In this section, a pair of prestretched values is studied, in order to elucidate the maximal
deformation of the membranes before their dielectric breakdown. The prestretches are
summarized inrable2.6.

Table2.6: Different prestretch for the elastomer made out of ElasfiS2030

Prestretch type 1| Prestretch type 2
_ 0.9 1.2
= c& 2.7
Initial thickness (um) 50 50
Final thickness (um) 25.25 15.43

The first prestretch is based on the previous prestretch of Sytga#@, studied in the analytical

model above shown in sectich3.2b ¢ KS aSO02yR LINBaUOUNBGIOK Aa ol as|
where they point out that this prestretch, here named type 2, offers a better atotu
performance.Figure2.28 presents two plots of the different prestretches. For the prestretched

type 1, the maximal deformation is 11.86at 111 V/um, while for the second prestretch type
mentioned above, 20.7% at 174 V/um.

The dielectric breakdown values obtained in these measurements agree with the results that
previous researchers have acquired EastosffE203(0132][101]. Moreover, it is well known in

the dielectric elastomer actuators field, that the dielectric breakdown field strength of the
elastomer increases when the thickness of the material decreases. The delretnkdown field
strength inversely depends on the thickness of the material, in accordance with the results
obtained inFigure2.28. The red triangles that figure, which correspond to the larger prestretch
and thus the thinner elastomer membraneorks until 174 V/um, whereas the blue rhombi with

a thicker membrane due to the smaller prestretch hold the actuation until an electric field of 111
Vipm.
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Figure2.28: Relation between the deformation of a prestretched membrane and the electric field with two different
prestretches: prestretched 1, in blue (0.9 x 2.2) and prestretched type 2, in red 2172. Measurements are taken until
samples suffer from an electrical breakdown.

Deformation with the channel:

A channel with the same geometry as the one stated in se&i813is located on top of the PDMS
membrane. The channel differs only in the material properties. For this particular case, PDMS
ElastosffP7670 is in use. The material used for the channel is softer than that from the elastomer
layer, this helps to prevent a loss in displacement of the actuators

The deformation at the highest electric field correspetal 7.5% in the perpendiculadirection

to the channel. The channel in this case has the top, wall and bottom layer. As previously
demonstrated for peristaltic pumg type 1- liquid film method (deformation 9.4% in the
perpendicular direction to the channelthis deformation is not enough for pumping fluids. The
prototype does not successfully accomplish its goal although the materials in use have better
mechanical and electrical properties than that of the liquid film method.

The design of singlayer peristaltic pumg; type 1, fabricated with the materials with the kes
performances at the moment, does not result in a working device. Although the analytical values
for the deformation indicates a sufficient volume change for generating a flow, the channel
incorporation to the elastomer layer enormously decreases theatons performance.

2.5. SNGLELAYER PERISTALTIC PQNIPPE2 SOLID FILM

Herein, a new prototype for a microfluidic device is proposed, named peristaltic ptypp 2.

The working principle of this peristaltic pump slightly différsm its predecessarAlthough it is

also based on a single layer EAéTethe actuators are not locateldelowthe channel, but parallel

to it. Six actuators are needed and located in an array: two parallel groups of 3 actuators in series.
The channel is located in the middle, een the two groups of actuators.

In the following sections, the working principle of this prototype, an analytical model to anticipate
the actuation stretch obtained after voltage application and the characterization of the prototype
in terms of deformatn of the actuators, are explained in detail.
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2.5.1 WORKING PRINCIPLE

The operating principle of this design concept of a peristaltic pump is a single menmbaaieeof

an elastomer. On top and bottom of this membrane, two arrays of electrodes are located in
parallel, forming six electroactive polymer actuators. In betweesdhtuator array, a channel of

a softer elastomer is located. Upon voltage application, the actuator displacetoetriact the
channel This decreases the channel widtegdudng the channel volume The actuators perform

in a frequencyduty cycleand phase shifthat creates a change of pressure along the channel. The
fluid is expected to travel inside the channel doeghis change in pressure.

The advantage of this prototype ovéne previous one is that the channel is closed by the
operation of the actuators. Thus, the pressure and fluid flow are expected to increase in this
prototype.

Inlet

(non-desired)

PDMS hollow
channel

Actuation direction 2

Actuation direction 1
(desired)

Outlet
PMMA holding frame

PDMS dielectric membrane

Actuator

Ground electrode

(b) Driving electrode

Double-sided adhesive

Figure2.29: (a) Top view of the singHayer peristaltic pumpg type 2 solid film with the channel on top of the elastomer
layer.(b) Cross section of the device.

The actuation is again favoured in the perpendicular direction of the flow in order to close and
open the channel. The membrane is bidirectionally prestretched to enhance the actuation in one
direction and decrease it in the other direction.

Figure2.29 presents a schematic of thggeometry and location of the actuators tihe peristaltic
pump ¢ type 2. In the figure, the channel is represented in green. The red colour represents the
PMMA frame of 3nm thickness used to hold the prestretch of tbelectric membraneMore
details about this design are explained in the following sections.
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2.5.2 ANALYTICAL MODEL

In this section, the deformation after applying an electric field to the actuatossudied. The
actuatorgeometryis designedafter the analysis of the stretaolith respect to the active ratio.

MATLAB scripts of sectidh3.2 are used here to model the behaviour of the actuators upon
voltage applicatiori120]. For thismodelling, the deformation of Elastd¥#2030 is characterized

for the prestretch type 2Table2.6) or prestretch 2.7 times in the channel flow direatiand 1.2
times in the perpendicular direction to the channel flow. This prestretch has previously proved a
better performance for 5Qum thick ElastosiE2030, (more details in secti@w.2).

Figure2.30shows a graph of the relation between the prestretch direction 1, in the perpendicular
direction to the fluid flow (the desired actuation direction) and the active ratio. The active ratio,
defined as the ratio between the width of the actuator and the total width of the device, is
represented from O to 1 against the prestretchdirection 1, from 0 to 1.8. The stretch after
actuation obtained is displayed with a colour code. The colour ba fyetn 1 to 1.31, or from
blue to yellow. The prestretch in direction 2 is fixed at 2.7.

Stretch active region (-)

o
©

i
™

1.25

o©
=

2
)

o
(3

1.15

Active ratio (-)

1.05

0.6 0.8 1 1.2 14 1.6 1.8
Prestretch direction 1 (-)

Figure2.30: Active ratio versus prestretch in the direction 1 for the prototype 2. Prestretch in the directiao@dgtant, with

a value of 2.7. The active ratio, defined as the ratio between the width of the actuator and the total width of the device, i
represented from 0 to 1 against the prestretch in direction 1, from 0 to 1.8. The stretch after actuation obtadisplayed

with a colour code. The colour bar gets from 1 to 1.31, or from blue to yellow.

White parts in the graph belong to failures in calculation. Failure modes considered are divergence
of the Gent model, loss of tension in the membrane and corsgimn in the actuation direction.

As depicted irFigure2.30, in the prestretch in direction 1 the lower the active ratio, the greater
the stretch upon actuation. Considering 10 mm width for each actuator, or by having two of them
in parallel, a total etive region of 20 mm and a passive region ofi#f, the active ratio is 0.3. In
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Figure2.30, an active ratio of 0.3 in a 1.2 x 2.7 prestretch membraaed to an actuation stretch

of 1.117 or 11.P6 deformation of each actuator at maximal voltageheGent modelanalysis
concludes that each actuator of 10 mm is ideally deforming 1&#0n the desired axis, or half of

it in the direction towards the charel, 585um. The opposite actuator will mirror it by moving
585um in the direction of the channel. Ideally, the actuation of the parallel actuators leads to the
fully closing of the channel.

This model only considers one actuatorfaening in a passive ggon. Inpractice, since both
actuators act iroppositedirections, it is expected to have less actuation than that predicted by
the analytical model.

Here, assuming that the actuators fully close the channel, considering the change in volume in a
chamber of 1 mm width, 0.5 mm height and 3.2 mm length and the peristaltic pump three
chambers (only 1/3 of the net volume is transported per cytR®?]), the fluid flow expected in

ideal conditions for this peristaltic pump is 0.fB/cycle.

The fluid flow for a frequency of 1 Hz is then 31.8 pL/Mitms results in approximately the double
of the flow rate expected for the peristaltic pump type 1 (15.36 pL/min). The reason for it is the
fully closing of the chamber upon actuation

2.5.3GEOMETRY AND FABRICATION

The analtical model helps to understand thgotential of the device in an ideal situation and the
possibility to optimize the active ratio to maximize the actuator deformation towards the channel.

Figure2.29 shows adayout of the device. In the figure, the channel is represented in green. The
channel has Inm width and 50Qum height. The red colour represents the PMMA frame ofr8
thickness used to hold the prestretch of the dielectriembrane.

As in the previous device, a prestretched elastomer membrane made of ERE®RBH0 with a
higher prestretch in the nowlesired direction is held by a 3 mm thick square PMMA frame. The
PMMA is attached to the membrane by a doublded tape 9682 by 3MF. Electrodes are sprayed

on top and bottom of the prestretched membrane, following the findings of the previous section.
Electrodes are based on a solution of isopropanol and graphite powder2(99,599,9E, NGS
Naturgraphit Gmb) After sprayingthe isopropanol evaporates and the graphite powder stays
attached to the membrane.

The prototype hashree actuators in series located in parallel to other three actuators in series.
In between the two arrays, a soft PDMS channel i width and 55nm length, is located. The
working principle of this prototype is based on the closing of the channel by the lateral expansion
of the parallel actuators towards the channel, when voltage is applied, creating a propagating
wave.

The geometry of the devicend actuators, and the prestretch used for the membrane are
summarized inmable2.7.
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Table2.7: Geometry details about the actuator design

Prestretch type 2 Final Thickness (um) 15.43
1 1.2 Actuator width (mm) 10
1 2.7 Actuator length (mm) 4
Initial Thickness (um| 50 Distance between actuators 8eries (mm)| 5

The fabrication process, materials, connections and tubing for this prototype match to the one
explained in sectio.4.1and correspond to the solid film manufacturing method.

The study of the influence of parameters like the prestretch in both directions and the electrode
deposition methods in sectio®.4.2 concludes that the prestretch of 1.2 x 2.7 and an electrode
deposition method based on spraying an isopropagmalphite solution provide a better
performance of the actuators, thus, these findings are used in this prototypEigure2.31, a
photo of the resulting fabricated device without the chahaed alayoutof the prototype design
based on the parameters ifable2.7 are shown.

Il PMMA holding frame
PDMS dielectric membrane

Hl Actuator

I Ground electrode

Driving electrode

(@) (b)

Figure2.31: (a) Photo of a prototype for the peristaltic pump 3. The prototype has three actuators in series located in parallel
to other three actuators in series with an active ratio of.@ Layout of the prtotype with its legend.

2.5.4CHARACTERIZATION

To investigate the fluid flow as a function of the width, théatenation of the actuatorsvith and
without a channelis studied The measurement setup corresponds to that from secdh 1

First, measurements of the performanceaily one actuator (the one in the middle) and of two
actuators at the same time, are performelligure2.32 shows a graph where the deformation
versus the electric field iepresented the middleactuator. alone(purple) and fa 2 actuators at
the same timered). The initial membrane thickness 3 um. After prestretching 1.22.7, the
thickness corresponds to 15.4Bn. The maximm electric field applied tohe sample is 16%/um.
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Figure2.32: Deformation versus electric field for thmiddle actuator at the left when it is the only actuator working (in
purple), left actuator when two actuators at the same time are actuating (red squares), and right actuator when two actuators
are acting at the same time (red triangles).

The maximal defomation is obtained, as expected, for the single actuator in the middidet
left, the deformation obtained is 8.%%. For two actuators at a time, the left actuator presents a
deformation of 8.126, while the right actuator shows a deformation of 6 %r7at the maximal
electric field applied 165 V/um. The edge of the left actuator expandg#0® the right and the
edge of the right actuator deforms 3384 to the left. Both edges get closer by 744r8.

Experimental deformation values are lower tharo$ie obtained by the analytical method. The
analytical method predicts a deformation of 124/for an active ratio of 0.3 of one actuator
deforming, while the experimental value obtained is 7944 in this case, with two actuators
performing at the same ti® For a single actuator, the active ratio is
i ptt Ijot | pj@ The theoretical deformation resulteilom the analytical model,
represented inFigure2.30, is 16.2%, much higher than the one experimentally achieved for a
single actuator, 8.9%.

In the following, the deformation of the actuators with a channel is investigatedhannel of

1 mm width and 55 mm length is fabricated and attached to théldle part of the device, in
between the parallel actuators. The channel materi®@MS Elasto$iP7670 The channel has a
passive wall of 6 mm width, surrounding both sides of the channel. Thm Ivide channel is
located in between the two actuators with a distance of 2.5 mm from the centre of the channel
to the edge of the actuators.

Figure2.33 presents the deformation versus electric field for the same device with and without
the channel on top of the membrane, for the actuator located in the middle. The figure represents
4 sets of data: 2 for the actuation of only one actuator in the middle witth &ithout channel,

and 2 for the two actuators in parallel located in the middle of the device, with and without
channel. Graphs in red represent the device without channel and in blue, with the channel. Square
marks are devoted to the deformation of thetaator at the left of the channel and triangles to

the actuator at the right of the channel.
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Figure2.33: Deformation versus electric field for the two actuators in the middle with and without the chamntelp of the
elastomeric membrane in blue and red, respectively.

At an electric field of 16¥/um, the maximal electric field applied to the actuators without the
channel, the prototype with channel presents a slightly lower deformation than thiteodlevice
without channel. The difference in deformation between the left actuator without channel,
8.12%, and the same actuator with the channel, 7% is 0.14%. For the right actuator at an
electric field 165 V/um, the deformation without the charns 7.7 and with the channel
7.45%. For both actuators, there is a slightly different deformation with and without the channel,
not very remarkable.

The deformation of the channel is also tested. The deformation of the actuators is not directly
transkted in a deformation of the channel due to the channel wall of 6 mm between the actuators
and the channel.

Figure2.34 displays the deformation of thehannel respect to the electric field applied to the
actuators. As it can be observed, the curve follows a similar behaviour to that of the actuators.
The maximal deformation of the channel is 0.46 mm of@6f its total width. Photos of the
channel are dken at each electric field and its deformation is afterwaadalysed
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Figure2.34: Deformation of the channel of 1 mmidth and 55 mm length.

To achieve a completely closed channel, diffe@r@nnelwidths (300um, 600um and 1000 pm)
have been tested. Moreovethe channel height has also been reduced (300 pm and 500 pum) to
make the change in volume due to the width shrinkingre significant.
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Tubing and connectors are added to the system following the procedures expodpgendix C

DI water is the fluid chosen for testing. Diverse configurations of frequency, duty cycle and phase
shift are in useThe fluid flow is characterized by videocoeding via a higispeed camera
(Optronis CR 3000x2HighSpeedKameraor all the combinations above exposed, no pumping

of the fluid is olained. However, a forwarebackward fluid movement is observed.

Figure2.35 shows two photographs of the 1000 um wide and 500 pm height channel. On the left,
the channel at noractuation state and on the rightchannel when both middle actuators are
subjectedto an applied electric field of 152 V/um. The deformation of the channel isrr41/3

its initial width). According to theassumption of 1/3 of the net volumegeingtransported per cycle
[122], more details in section 2.3.4. Bg fluid flow expected in these conditions for this peristaltic
pump s 0.23uL/cycle. However he actuation leads to a deformation of the channel and to the
wrinkling of the top layer of the channel which can be observed in the image at 152 Vhem.
top layer of the channelbuckles downresultingin a nonhomogeneous deformation of the
channel. Thus, it is difficult to predict the real change in volafitbe microfluidic channel.

gt
A 5} N

152 V/um

(@) (b)

Figure2.35: Image of the channel on top of the membrarfa) Actuators at 0 V/um(b) Channel when the actuators are
subjected to an electric field of 152 V/pum.

This behaviour also occurs in the rest of the fabricated channels. Moreover, the deformation in
width of the channel decreaseshenreducingthe channel width. This is due to the symmetry of
the device. The middle point between the actuators in parallel has a null displacemehaaiits
maximum atthe electrodes edge.

The findings of these experiments suggéhat the channel walls are not displacing uniformly
when actuation occursAs PDMS is a hyperelastic material, due to the direct contact of the
actuators, the bottom layer of the channel deforms 1/3 its initial widdowever, the walls and

top layer of the channel may remain without a deformation or with a very little deformation,
leading to a channel with a trapeilal geometry. Consequently the change in volume when
actuating the actuators is not high enough to allow thedlto flow. This actuator displacement
leads to a forwarebackward fluid movement so small that it cannot produce a fluid flow.

It seems possible that thiack of fluid flowis also affected by the distance in lendtletweenthe
actuators. Tisdistance based orthe values obtained in sectidh3.4A, isrelated to the influence
of one actuator over the following terms of deformationThe channel, in the space between
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one actuator and the nd, barely deformsleading to a volume where the fluid st& still This
could in fact impede the propagation wave necessary for the fluid movement along the channel.

Investigations on the channel deformation of hyperelastic materials and on the distance between
actuator elements have not been found in literature andghthese results should be interpreted
with caution.

2.6. GCONCLUSIONS AND DISCUSSION

In this chapter, two different peristaltic pump prototypes have been tested. Both prototypes are
based on microfluidic chanrslvhichare deformed bysingle EAP layer actuasor

The first prototype design, named peristaltic pump typelifjuid film, is based on a mechanical
pump type and three DEAs. The pump deforms a channel on top of these actuators with a certain
frequency and phase shift, allowing the fluid to flow. Sorhéhe prototype parameters like the
width of the actuators, the width of the channel and the diameter of the full device are limited by
the fabrication method, in particular the electrode stamping method

An analytical method is used to determine the requirements of prestretch of the elastomer
membrane to enhance the actuation after the application of voltage to the actualiopsovides
values for the bidirectional prestretch: 0.9, in the actuatiordirection; and} cg, for

the perpendicular directionThis is translated to deformationafter actuaton of 24%.

The deformation of theactuators fabricatedaccording to the values obtained by the analytical
method, is measured and analysed. The influerafethe deformation along the length, not
predicted by the analytical model, is evaluated. This leads fetarttebetween actuatorof 5.2
mm.

The full deice with the channel is under analysis. The deformation obtained when the channel is
on top of the actuators decreased dramatically the performance of the actuators %y 9
deformation. No fluid flow is observedhe deformation decreases only from 0.1 t&lwhen

there is no bottom layer in the channdtluid is introduced in the system and pumping of the fluid

is observed. The liquid flows in the channehfortunately, Diwater leaks through the DEA
membrane leading to the electrolysis of water and thegetion of H and Q. The membranes

are systematically getting broken in a very short period of time. Therefore, it is not possible to do
long time measurements of the pump flowing.

To overcome this issuehe system needs a channel with a bottdayer. Thus, he singlelayer
peristaltic pumptype 1 is fabricated with better performance materials and fabrication method.
The prototype is named as sing&gyer peristaltic pump type 1 solid film. This displacement turns
out to be insufficient for pmping fluids along the channeResults have proven that the
deformation of the actuators with these materials leads to a lower deformation of the channel,
resulting in an invalid device for pumping microfluidics, although materials with a theoretical
better performance are used.

Given the characterizations previously done for peristaltic partype 1, a new design is
proposed. The single layperistaltic pumpg type 2 is based on the coupling of two parallel arrays
of actuators where a channel is locdtén the middle space between the arrays. When the
actuators stretch, the channel deforms in its width and thimsvolume.The advantage of this
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prototype respect to the previous one is the working principle. Here, the actuators in parallel
perform to fuly close the channel. Thus, a higher flow rate and pressure is expected.

The analytical modelling of the deformation leads to an actuation stretchl of = 1.11 at
168V/um. The experimental resultgonfirm that the channel does notnhibit much the
deformation of the actuatorsThe bottom layer ofhe channel with a 1 mm width, deforms 1/3
its width. This deformation should be sufficient for the pumping of thed; however, no fluid
flow is observedThis inconsistency may be due to tvaxfs: 1) the noruniform deformation of
the channel and 2) the distance in length between actuators.

The channel made of PDMS is displaced due to the force applied by the actuators to its bottom
layer. Considering the hyperelastic behaviour of PDMS o assume that only the bottom layer
decreases its width, whereas the wall and top l&@os not modify their shape. As a resuthe
change in volume when actuating the actuators is not high enough to allow the fluid toTiow.
overcome this issue, énhannel with a combination of elastic and rigid walls could indeed permit
the fluid flow.

The use of a longer distance between actuators in series, characterized to avoid the influence of
one actuator on the following (in sectidh3.4A), may be linked to fluid flow problems in the
pumps. Alonghe length between actuators, thehannel does not deform and therefore, the
fluids do not move. This steady fluid volume between actuators may avoid the propagation wave.
Further nvestigationsgegardingthe ideal distance betweeractuators to enhance théuid flow

could elucidate whether the deformation of the channels with the actuators as manufactured is
sufficient.

Although the peristaltic pumps manufactured in this chapter have failed to function properly, it is
possible to compare thetheoretical fluid flow with that of other technologies to understand the
potential of these systems. The peristaltic pumps made from dielectric elastomer in this thesis,
specifically referred to as type 1 and type 2, have a theoretical fluid flow rat®.86 JuL/min and

31.8 uL/min, respectively, at a potential of 5 kV and a frequency of 1 Hz.

Cazorla et a[133]fabricated a low voltage siliconiono-pump based on piezoelectric actuation
principle and they could achieve a flow rate of 3.5 pL/min a¥2#hd 1 Hz actuation frequency
using water as pumping fluid. Piezoelectric actuation offers -frigduency fluid flow and
pressure, is reliable andurable, and is easy to integrate into microfluidic systems. However, it
has limited displacement and deformation capabilities and requires the implementation of a
relatively high voltage and electrical power consumption.

Thermoepneumatic actuation offersimple and lowcost fabrication, is suitable for portable and
disposable microfluidic devices, and can generatefi@guency fluid flow and pressure. Hamid
et al. [134] used the thermgpneumatic actuators with a single chamber using polyimide as the
membrane material to obtain a flow rate as low as 0.0125 pL/min &iA0sing water as pumping
fluid.

In 2015,Shaegh et a[135], fabricated a micropump based on one thermal expansion actuator at
a frequency of 5 Hz, producing a flow rate of83min using water. As it can be observed, thermal
expansion actuation provides higinessure fluid flow and is simple and lawst to fabricate.
However, it also has limited displacement and deformation capabilities and is sensitive to
environmental temperature fluctuations.
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In general, the time response of thermal expansion actuatorsasively slow compared to other

types of microfluidic actuators, such as piezoelectric or electromagnetic actuators. This is because
the thermal expansion process is a relatively slow process, and it takes time for the actuator to
reach its maximum expangi@r contraction.

Ehsani et al[136] used electromagnetic actuation mechanism to develop a micropump able to
provide a flow rate of 0.055 pL/s at a frequency of 1 Hz. Electromagnetic actuation provides low
fluid flow but high pressure and is suitable for integration into microfluidic systems, but it has
limited displacement and deformation capabilities and requires high electrical power
consumption, while also being sensitive to environmental magnetic field fluctuations.

In terms of flow rate, the peristaltic pumps fabricated here are expected to have a higher flow rate
than those actuated by electromagnetic and thermal expansion technologies. The electroactive
polymer peristaltic pumps, in particular, are expected to pdevan even higher flow rate than

the piezoelectric pumps, thanks to the electroactive polymers' large deformation at their
resonance frequency.

It is worth noting that piezoelectric actuators generally operate in the range of hundreds of volts,
whereas eletroactive polymers require a few kilovolts of voltage application. These factors should
be consideredwhen selecting the appropriate actuation technology for a particular microfluidic
application.

It is important to mention that piezoelectric actuatorspigally operate within the range of
hundreds of volts, while electroactive polymers require sevekibvolts which requires
specialized equipment for the application of such high voltages.

The findings of this chapter reveal that, currentlyiezoelectric actuators exhibit superior
characteristics compared to electroactive polymers in the development of micropumps.
Nonetheless, the potential of electroactive polymer technology is continuously being researched
to reduce the required electric pential and enhance the deformation of the actuators, as well as
their lifespan.

While the prototypes developed in this chapter were not successful in achieving fluid flow,
valuable insights into the capabilities of EAP technology were gained throughwvigtigation.

For instance,the deformation of actuators, the impact of actuators on each other, the
deformation of a channel on top of actuatorhie comparison between analytical model and
experimental and thelevelopment ofnew fabrication processefor microfluidic devicesThese
findings can be used to develop new devicesme of the most relevant properties of there
producedprototypesare:

Biocompatible channel (PDMS)

Channel can be easily detached/attached (Changing samples)
Channel can be fullglosed

Device which deforms a channel almost {4bunidirectional.
Transparent

Possibility to increase the number of actuators

== =4 4 4 4

The proposed configurations do not succeed in pumping fluids. However, the microfluidic devices
can hold fluids inside arlastomeric, biocompatible channel and stretch this channel and
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compress with a maximal deformation of 38for a 1 mm channel width. The deformation is
controlled with the applied voltage. For this reason, a deformation frovhtd 33 % of a fluid in
a drection is possible.

Here, a different application for the fabricated devices is proposed: cell stretchers. In the human
body, cells are continuously being stretched. For example, in blood vessel walls the cells are
deformed at a rate of once per second by the blood flow. & moment, the influence of the
mechanical forces on cells is a hot topic in the medical field. The knowledge of the change of
behaviour of cells in proliferation and gene expression, due to their contindefissmation, may

play a key role in illnessesduas cancer, lung disease and heart disease, as well as muscle
disorders.

Researchers have already used this property of EAPs in the field of cell str¢7@jjag7][138].

The difference in this case is that the fluids agtdhn a channel, contrary to that already used
where the cells are deposited directly on top of an elastomeric layer on top of the actuators,
without a top cover to protect théluids. With this configuration a higher deformation is observed.

The prototypes fabricated in this chapter can be used for this purpose. Moreover, as the influence
on the deformation of one actuator over the following one has also been studied with the
distance, several deformation sequences are possible with the prototypes. There is the possibility
to fabricate three different inlets and outlets to introduce different prototypes to measure this
deformation: for example, a reference probethre middle wihout stretching and two probes in
upper andbottom electrode to study different deformations with time. As explained in section
1.3, the lifetime of AP is very high, lasting over hundred thousand cycles of actuation, would allow
plenty of cycles, considering there is no need for very high frequency deformation of cells.

Figure2.36 shows the proposed system for the analysis of the deformation of cells with the
prototypes above mentioned. Interesting is, due to the versatility of the channel fabrication, that
a single device can introduce severaletiént types of channel for diverse measurements.

Figure2.36: Configuration of one channel with multiple inlets and outlets to introduce one or several fluids and allowing
different deformingconditions.
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3. GONCEPT OF A PUMPING MICROMIXER

Micromixers are cossaving devices in the chemical production of expensive substances. In a great
number of processes, the cost of the catalyst is the main constriction. Using micronmeatly g
decreases the amount of catalyst needed and avoids extra costs. Micromixers are also promising
in the case of explosives or flammable substancesr&aetion energys highly reducetbecause
micromixers reduce the needed volume of reactants, thel@xiveness of the reactions decreases,
allowing safer experimenfd39]. Mixing is the main process in most microfluidic devices for
medical diagnostics, proteomics, genetic sequencing, chemistry production and drug discovery.

In the following chapte the fundamentals and a short description of the types of micromixers in
research and their actuation principle are included. Moreover, the final configuration prototype
for the pumping micromixer made of dielectric elastomer actuator is described,dingithe
materials, the working principle and the design.

3.1. FUNDAMENTALS OF MICROMIXERS

Mixers are devices consisting of at least two inlets and one outlet. They homogenize the properties
of the substances conveyed through the inlets. Some of these propestie: the phase, the
temperature, the density and the viscosity of the substances.

To mix, at least two different substances with different properties must be in contact. They are
commonly referred to as solvent and solute. A solvent is a substance)yuauajuid, in which

other materials are dissolved to form a solution or, in other words, to form a homogeneous fluid.

A solute is a substance that can be dissolved by a solvent to create a solution. A solute can be a
gas, a liquid or a solid. The solvent the substance that dissolves the solute, breaks up the solute
and distributes the solute molecules equally. This creates a homogeneous mixture, or a solution
that has the same properties everywhere. The diffusive layer is defined as the boundany regio
between the solvent and the solute.

Depending on the mixing volume or the amount of solute and solvent that can be mixed, the
mixing ranges are: macromixing, mesomixing and microm[4@][141]. Micromixers operate in

the microscale, with volumes ranging from microlitres to millilitres. In a micromixer device, at least
one of its channel geometries should not be greater than @®0(width, height or length). In
general, both width and height are in the microscale range, and length in the millimetre range.

Parameters such as mixirguality or efficiencyand speed are critical in characterizing the
functionality of micromixers. Thenixing quality or mixing efficiency is a measure of the
homogeneity of a mixture. The coefficient of variation is used to calculate it. The coefficient of
variation is the ratio of the standard deviation of the chemical composition of the samples in the
mixing chamber to the arithmetic mean of the samples. The closer this value is to 0, the more
uniform the mixture is. A coefficient of variation of 0 means a mixing quality o%d.06. the best
mixing condition.
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The mixing speed refers to processes inchihiixers with an external energy are used to increase
the mixing quality. This parameter determines the speed of the mixer agitator. This agitator can
consist of several paddlesmixer drum or a mixgvan,among others. The optimum mixing speed
strictly depends on the design of the mixer and on the solute and solvent in used.

As previously analysed Trable2.1 in chapter2, the small size of microfluidic channels leads to a
laminar (Reynolds 2300) regime Here, mixing components is tedious due to the lack of
turbulence.

Mixing in micromixers isnly possible due to the free movement of molecules through the fluids.
The transport phenomena due to the molecules free displacement in a laminar flona)are:
Molecular diffusion, based on the random motion of molecules in the fluidagjordispersion
based on the increase in the diffusivity of the particles through the fluid layers due to-a non
constant velocity field in the channel and c¢) Chaotic advection or the complex behaviour a fluid
particle can attain, driven by the Lagrangian dynzsmof the flow. More details about these
transport phenomena can be found in Appendix B.

To enhance the molecule displacement and thus the mixing in micromixers, the need of special
channel configurations and designs is necessary, as opposed to desigmes fiaeicro and meso
scale. In micromixers, the mixing can be obtained by increasing the time that the layers solute
solvent are in contact or by enhancing the contact area between the sehltent layers. These
disturbances are not predicted by the Reld® number. To achieve these, some of the
possibilities are:

1 Passive elements to enhance the contact between sedaleent layers
1 Increasing the length of the mixing channel (sec8ah1A)

9 Increasing the mixing time or the time both solute and solvent are in the mixing
chamber/channel (sectioB.1.1A)

9 Active micromixers (sectiod.1.1B)

When using a micromixer at very low Reynolds number, the use of passive elemaiits res
beneficial to increase the contact between the fluid layers and thus, to generate local disturbances
in the fluid chamber. Some elements to enhance the mixing at a micro scale are: nozzle/diffuser
structures[142], obstacles or solid elementsttached to the channe[143], the addition of
curvatures or any disturbance elemefit44] that locally separates the parallel layers of the
laminar flow and makes them intertwine. These passe@ngetries enhance the mixing by slightly
inducing a transverse flow inside the channel.

Figure3.1 shows two structures to increase the turbulences imiarochannel. IrFigure3.1(a)a

nozzle structure is presented. The fluid layers represented as red arrows indicate the laminar flow
of the fluid. Thedyers are orientated parallel to the channel walls. It is clear that the narrowing

of the channel inhibits the parallel distribution of the layers. The upper and lower layers collapse
with the channel walls leading to disturbances inside the channel.bEfmaviour enhances the
distribution of the particles in the channel, thus, increasing the mixing efficiency. Similar behaviour
occurs inFigure3.1(b). The fluid layers travel in parallel along the channel until the obstacle with

a triangle shape appears. Then, the upper layers collapse with the triangle side causing a chaotic
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behaviour. This chaos favours the contact between the upper layers and thefristers. An
increase in the mixing efficiency is therefore obtained.

N,

TYTTYTTYTYIYYY

(a) (b)

Figure3.1: (a) Channel with a nozzle structurgn) Channel with obstacles or passive elements.

In the following section, active and passive micromixers are explained in detail. In addition, some
of the effects for turbulence generation outlined above are defined and investigated in more
detail. Among others, the influence of the channel length, Reynoldsoeu, the use of obstacles

and active micromixers are analysed.

3.1.1. Q. ASSIFICATION OF MICROMIXERS

Micromixers are classified into two main types depending on the strategy they use to enhance the
mixing: active and passivid45][146]. Active micromixers need external energy sources to
improve the mixing quality and speed, while passive micromixers are mainly based on the
geometry of the microchannels for fluid mixing.

A. Passive mimomixers

The mixing mechanism of passive micromixers is only based on the contact between solute and
solvent layers. Molecular diffusion transport phenomena are the only form to achieve the mixing.
In laminar flow, these are molecular diffusion, Taylorpdision and chaotic advection. To
enhance these phenomena, passive micromixers often include passive elements or obstacles like
the ones shown ifrigure3.1. The solutesolvent contact time also influences the time molecules
have to move and enable the mixing. The contact time can be affected due to 1) the length of the
mixing channel and 2) the inlets fluid velocities or the time the solutesahdnt are in the mixing
chamber. Both the nature of the contact and its time length influence the resulting mixing
efficiency. Later in this section, these parameters are evaluated.

Passive micromixers have advantages like stable operation, easy inbegr@atd lowcost
manufacture. Faster mixing time within the laminar regime can be achieved by decreasing the
mixing path and increasing the interfacial area. Depending on the mixing principle, passive micro
mixers can be further classified into parallemiaation [147], sequential lamination148],
sequential segmentatiofiL49], segmentation based on injecti¢h50], and focusing micromixers
[151]. Here only parallel lamination is explained in more detail.

Parallel lamination micromixers are based on the increase of the comtea between solute and
solvent and the decrease of the striation thickness, dividing each the solute and solvent into a
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certain number of streams and thereafter unifying them in a single stream. The simplest version
of a parallel lamination mixer is &@&nnel with two inlets, one for the solute and the other one for
the solvent flow. To this family of passive micromixers belong timicYomixer [152] and
T-micromixer type[153].

Fluid A

Fluid B

(@)

Figure3.2: Passive micromixer&) Y-form, (b) T-form and(c)interdigitated parallel lamination.

In Figure3.2 parallel lamination micromixers are shown, thase based only on the molecular
diffusion of the solvent and solute. In this chapter, due to the symmetry of the devices presented,
solute and solvent can indistinctly be represented by Fluid A or Fluid B. Here, for each micromixer
one inlet is meant fortiie solvent and the other inlet for the solute.

In Figure3.2(b), a laminar Bhaped micromixer is shown, whifégure3.2(a) presents a ¥haped
micromixer. Both haped and haped micromixers have only one entrance for the solvent and
one entrance for the solute, leading to a single exit with treuténg mixture Figure3.2(c) shows

an interdigitated parallel lamination micromixer. This micromixer has an inlet for the solute
subdivided in multiple substreams and a single entrance for the solvent, also split in various
substreams. As it can be observed from thgouts the intedigitated lamination channels are
thinner than the Yype and Rype and there is a very significaimicrease of the interface area
between the solvent and the solute in each substream, increasing the efficiency and molecular
diffusion of the mixer. Hesset al.[154] studied the different gometry systems and designs like
rectangular, triangular, and sliype, for different interdigital micromixers. Other wddhown

types of passive micromixers are muétiminatingbow corljguration[155] and modified Tesla
structures[156].

Here, some of the parameters that enhance the mixingema&uated. These are the length of the
mixing channel, the passive elements or obstacles and the Reynolds number.

The length of the mixing channel in a passive micromixer has a great influence in the mixing
efficiency. The longer the channel is, the highexing efficiency is expected. Obviously, upon a
length where the mixing efficiency is 196 there is no longer a channel length effect. Depending

on parameters like the diffusion coefficient of the molecules, the optimal length of the channel to
obtain 100% mixing efficiency varies.

Rao et al[158] performed COMSOMultiphysic€ simulations of a passive micromixertype.
They studied the influence of the length of the mixing channel on the mixing efficiency. The mixing
channel was 200 pum in height, 200 um in width and 10.4 mm in length. The solvent was DI water
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and the solute wasraink. The properties of both fluids for the simulations are summarized in
Table3.1.

Table3.1: Parameters used for th e OMSOMultiphysic® simulation[158].

Property Value

Diffusion Coefficient 3.231 10 m?/s
Viscosity (DI water) 2.6461 10*kg/m s
Viscosity (Ink) 0.001 kg/m s
Density (DI water) 1000 kg/n?
Density (Ink) 998 kg/nt

For the simulations, both the conservation equations (Appendix A) and the transport of s
equations (Appendix B) were usdegure3.3 shows the concentration distribution of the solu
in red and the solvent in bé along the Type micromixer. For this simulation, a Reynolds of
was used, a very laminar regime. The concentration of ink in mol/m3 ranges from 0 mol/n#o(
DI water) and 1 mol/m3 (10%ink). Thus, a 0.5 mol/m3 indicates a 1%0nixing efficieng. This
can be observed in the colour barkigure3.3. InFigure3.3(a), three cross section images of t
concentration distribution are shown: at the beginning, at the middle afrttie end of the mixing
channel. The first corresponds to the junction, where both inlets are in contact for the first
There it is possible to see the that the solute and solvent are separate. The second cross
is at the middle of the chanhé&ngth (5.2 mm after junction). A more homogeneous cross se«
is observed, but still not a concentration of 0.5 mol/m3 (2@0nixing efficiency). It is also to t
noticed that the fluids at the walls are not mixed at this point. The last cross section is at 10
from the junction, i.e., at the micromixer outlet. This section shows a concentration close |
0.5 mol/m3, 88% mixing efficiency. At this section in thetyipe image, it can be appreciated th
the edges of the walls at this section have a different colour than that of the 0.5 mol/m3.

Regarding the effect of introducing passive elements inside the mixing ch&taeekt al[158]
studied the effect of diverse geometries on the mixing efficjedhey simulated the influence «
a circle, a diamond, an ellipse and two triangles (one with a vertex pointing towards the
YR 2yS 6AGK | OSNIUSE LRAYGAYy3I G261 NRa
They stated that the dimond geometry has the highest impact on the mixing efficieRgure
3.3(b) proves the significant increase of mixing efficiency along the length with the diar
shaped obstacle. In the figure, the saméype micromxer as forFigure3.3(a)is simulated. Al
fluid properties and parameters are the same as in the previous case, the only difference
the introduction of a passive element at thguinction, a diamoneshaped elenent. Three cros:
sectionlayoutsat the same distances as before prove the effectiveness of such passive elel
In the Ftype micromixer image, it can be seen how, at a length much shorter as the middle
channel (5.2nm), a mixing efficiency of0D % is achieved. This confirms that the use of pas
elements or obstacles in the mixing channel enhances the mixing efficiency and allov
fabrication of smaller devices. In this particular case, only half of the length is necess
achieve a 10% mixing efficiency.
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Figure3.3: Concentration distribution profiles in atf¥pe passive micromixefa) without an obstacle an¢b) with a diamond
shape passive element. Adapted and modified fi{da58].

The relation between the Reynolds number and the mixing efficiencymicfomixers has been
widely studied. At very laminar flows, researchers have distinguished three subregimes or
phenomena. At very low Reynolds numbers, Re < 50 the fluid layers remain segaagatacking

is only caused by molecular diffusion, named stratified flow regime. FroaRe0< 150, at the-T
junction a secondary flow is generated due to the collision of the inlets in a form of small vortices,
named vortex regime. Mixing is slightly ieaased due to the increase of the contact surface caused
by the secondary flow. The layers remagparatedhere, as in the previous case. From>R&0,
another phenomenon appears at the junction: the engulfment regime. This regime interrupts the
parallel fuid layers flow at the junction and multiple vorticial effects are observed. Vortices in this
regime allow the particles to travel from one side of the channel wall to the opposite wall. The
increase of the mixing efficiency at this level is enormous.lifines for the Reynolds number at
each subregime are estimated, varying as a function of the shape and size of the micromixer and
the fluid properties.

Rao et al. studied the impact of the Reynolds number on the mixing efficiency fontiedmixer
exposed above with and without obstacles. For simplicity, here only th@cfomixer without
obstacles is shown. Simulations of mixing efficiency at various Reynolds numbers are performed.
Reynolds numbers in a very laminar range are chosen, from 0.1 up tdHE08, the Reynolds
number is defined for the fluid flowing through the mixing channel and thus, properties like the
viscosity and the density are continuously varying with the length due to the mixing. Simulations
allow the calculation of these valueseatery cross section through the mixing length.

Figure3.4 presents the mixing efficiency obtained at the end of the mixing channel (ani®y

At this length, with a very low Reynolds number (0.1), the maximal mixing efficiency is achieved,
100% Molecular diffusion here predominates and the extremely lorgjdence time (the time

that the fluids are in the mixing channel) increases the probabilities that the molecules with their
free displacement generate a homogeneous mixing. In the range from 0.1 to 10 Reynolds number,
the mixing efficiency drops dramatidéaluntil approximately 804 This confirms the stratified flow
regime, both solvent and solute fluid layers flow side by side and there is only a small amount of
mass transfer perpendicular to the main flow. The residence time in this range is shortdothan

the previous case, decreasing the mixing efficiency.
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In the Figure3.4, from Reynolds number 10 until 100 an increase of the mixing efficiency is
observed although the contact time between solvent and solute bexomhorter at higher
Reynolds number. The increase of the mixing efficiency in this range is attributed to the transverse
secondary flow induced in the junction where both inlets get in contact, in this case at a higher
speed than in the previously. Thentact of the two inlets at higher speeds allows the generation

of small vortices in this section, which gradually increase the mixing efficiency. These results are
in accordance with the simulation and experimental data foni€romixers from BothgL59], Orsi

[160], Hoffmann[161] and Fan[162].

Mixing Efficiency (%)
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Figure3.4: Mixing efficiency at 10.4 mm channel length (outlet) at different Re vahaspted and modified frorfil58].

Figure3.5 shows an experiment from Hoffmann et al. of d@yfpe micromixer[161]. In their
research, a fype micromixer with a geometry of 0.6 x 0.27 x 10 mm (width, height and length of
the mixing channel) is investigated. The solvent and solute used in this research also differ from
those inthe previous one. Here, a system with HCI, as solvent, and NaOH with dye disodium
fluorescein, as solute, is used. The flow of fluorescein particles is visible through the channel by
means of fluorescence microscopy. This allows studying the particleapai the length of the
mixing channel. They determined the vortex regime for their micromixer in the range of
50<Re<150 and the engulfment regime for Re.50.

Figure3.5 presents three cross sections of two of the above exposed regimes at various lengths
of the mixing channel. First, Re=150 or vortex regime, where three distances in the mixing channel
are evaluated at 0.5 mm, 5 mm and 10 mm. Ih & observed that the fluorescein particles, in
grey in the images, are flowing towards the interface solvent/solute in the middle of the images.
As the length of the mixing channel increases, the amount of the particles in the middle of the
section incrases. The diffusion of the molecules here is the key element for mixing.

They also analysed the behaviour of the fluorescein particles at the engulfment regime at Re=250
and at the same channel lengths as before. Here, the generation of multiple vortioebec
observed at the very beginning of the mixing channel (0.5 mm length). These vortices increase
their dimension along the length of the channel. It is visible how the particles flow from outside
to inside the vortices, thus increasing the mixing efficy.
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Figure3.5: Cross sections of the mixing channel at Reynolds = 150 (vortex regime), at various (&r@&mm, (b) 5 mm
and(c) 10 mm and at Reynolds= 250 (engulfment regime), at (d) 0.5 mm, (e) 5 mm and (f) A@apted and modiéd from
[161].

This section demonstrates the possibility of mixing fluids at very low Reynolds numbers without
using an external energy source. Here, some passive mechanisms have been dvalaateance
mixing efficiency in a passive micromixer. Their influence on the mixing efficiency has been
studied. This is achieved by modifying the mixing channel length, the Reynolds number, including
obstacles or interleaving the solumlvent layers sing an interdigitated parallel lamination
micromixer. All these passive elements and mechanisms can also be integrated into active
micromixers.

B. Active micromixers

Active micromixers use external energy sources to enhance the mixing efficiency and te reduc
the residence time, i.e., the time fluids spend in the mixing channel. Active micromixers use the
geometry of a passive micromixer and, in addition, increase the diffusion of particles through the
mixing channel by applying external energy.

Energy can bapplied primarily for one of these purposes: 1) to directly move the solute molecules
using, for example, an electric field, as in the case of electroosmosis, or 2) by periodically changing
the geometry of the mixing channel, for example, using piezoetectembranes or electroactive
polymers. In the latter, the walls of the mixing channel move, generating local turbulences and
breaking the parallel displacement of the fluid layers. This phenomenon increases the generation
of vortices in the mixing chanhand thus the particle distribution and homogeneity in the fluids.

The pumping micromixer proposed in this work enhances its mixing by changing the geometry of
the mixing channel. This is achieved by using the Electroactive Polymer technology.

Some energgources typically used include ultrasonic vibrafib@3], electro kinetic energjl64],
and piezoelectric vibrating membranf65]. The main drawbacks of active micromixers are the
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high amount of parts and the difficulties in the fabrication process, as well as in the integration
with other microfluidic systems.

As a summary, active migroxers based on the thermal response of a membrane are very
powerful in terms of actuation pressure, but their processes tend to be very slow and therefore,
the actuation frequencies are significantly low. Pneumatic actuators are a common type of
microactuators in the fabrication of micromixers. Their main drawbacks consist of the high amount
of parts needed and the volume required for actuating. The actuation frequency depends on the
external pressure supply and switching system, and in general is befivééfz and Hz. On the
contrary, electrostatic and piezoelectric microactuators work at a very high frequency. Although
the strains generated tend to be small, stacking piezoelectric and electrostatic actuators lead to
an increase of the strain. Dependiog the application, the geometry of the micromixer and the
fluids to mix, the frequency needed to improve the mixing efficiency varies.

Figure3.6 shows two examples of active micromixels)a thermopneumatic micromixer and

(b) a piezoelectric micromixer. The thermopneumatic microm[2é&6]works with two integrated
thermopneumatic actuators out of phase in combination with four micro chekes. The fluid

A is pumped through its inlethannel to a common channel with the fluid B, which arrives to the
same spot with the same conditions as the Fluid A. Then, both fluids get mixed in the mixing
channel and arrive to a reservoir. Due to the pulsatile flow, there is a disturbance which improves
the mixing efficiency in the mixing channel, similarly to toithe sequential lamination. Here,

fluid A and fluid B can be either the solute or the solvent due to the symmetry of the geometry.

Thermopneumatic actuator 2
Check valve

Inlet Outlet
PDMS
7/ Glass
Silicon — _
AN N /
. Piezoelectric actuator Carrier
Fluid A Mixed fluid
(a) (b)

Figure 3.6: (a)Concept of an active micromixer based onpressuredriven disturbance. The
fluids are delivered by integrated micropumps. Thermopneumatic actuatdd$7] drive the pump
and generate tk pressure disturbancéb) Sketch of an active micromixer based on pressimeen disturbance. The fluids
are delivered by hybriéhtegrated piezoelectric micropumps68].

The working principle of each pump is based on an integrated thermopneumatic actuator and two
valves. The microheaters in the system generate vapour bubblesbllbbles act like a piston

and move the fluid out. Thanks to the chedkves, the fluid flows to the outlet direction. Once

the heat is removed, these bubbles condensate. By repeating this procedure of bubble creation,
a continuous flow isbtained. The two fluids A and B flow towards a long channel where both get
mixed and move to a single outlet.
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The hybridintegrated piezoelectric micropumi68] is based on a-Wpe design. A valveless
diaphragm pump, a piezoelectric actuator, drives the fluid from the inlet to the mixing channel
and afterwards to the outlet poinfThe fluid flow is typically between 20/'s to 200nl/s, and the
pressure up to 5.0 kPa.

In this subsection, a general overview of micromixers has been exposed. Further details can be
found in the research of Lee et §l69]. They wrote a compilation of the recent advances in the
micromixer field with a great number of examples and their main application.

3.1.2 PUMPING MICROMIXERS

For some applications, it is necessary to use a device where liquids are pumped in, mixed and then
pumped out; some of these applications are drug deliveigubktances and reagents for chemical
analysis.

Based on the technologies above mentioned for micromixers, diverse pumping micromixers have
already been developed. The advantages of pumping micromixers are the simplification of parts
needed for the mixingyhere neither external valves nor pumps are required, and the increase of
the mixing quality or efficiency, because the micromixers are often active micromixers.

Yoon et al[170] presented an AC electroosmosis pumping micromixer. Electroosmosis works
under an applied electric field, where the movement of counterions in the diffusion layer favours
the movement of the surrounding liquid mesdules due to the viscous effect. They got a mixing
efficiency over 906 for a combination of mixing and pumping. They investigated the mixing
efficiency and flow rate depending on the height of the microchannel.

Some examples of pumping micromixers are the ones presentédume3.7: a thermopneumatic

and a piezoelectric pumping micromixer. Tseng €tldll] alsodeveloped a pumping micromixer
out of pneumatic actuators. The micromixer is showifrigure3.7(a). The micromixer has four
PDMS membranes and two pummatic microvalves. Samples are pumped to an annular channel
from two different reservoirs. Thereupon, the membranes deform allowing the fluid to mix and to
pump the mixed fluid out of the device by peristalsis. The rotatory pump has a flow rate of
165.7>L/min at a driving frequency of Hz and an air pressure of 207 kPa.

Sheen et alf172] fabricated a piezoelectric pumping microfar, illustrated inFigure3.7(b). The
micromixer has a-¥/pe entrance and two regions with obstacles to favour the contact between

the fluid A and Band to generate vortices to increase the mixing between species. The chamber
works as a valveless micropump. A PZT actuator diaphragm membrane generates an increase and
a decrease of the chamber volume, generating a flow. The maximum flow rate obtained is
50>L/min at 50V and 2.XHz, with a mixing efficiency of 84.
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Figure3.7: (a) Schematic illustration of a pumping micromixer composed eshaped microchannel, four PDMS membranes
and two pneumatic microvalvd&71]. (b) Schematic diagram of a pumping micromixer including two asymmetrical obstacles
and one mixing rgion with triangulaswave structures.

3.2. CONCEPT OFIAEAVICROMIXER

The realization of a pumping micromixer pursued in the context of this work with the help of
dielectric elastomerstackedactuators has the primary goal of demonstrating a new field of
application for dielectric elastomer actuators (DEA). In contrast to discrete linear actuators, often
found in literature, this is a fully integrated fluid system. Due to the novelty of this application for
dielectric elastomer actuators, the first functionalogels are to prove the suitability and
feasibility of the system. Miniaturization and further characterization of the systems can be
further studied in the future.

As mentioned previously, the design of a micromixer consists not only in the scaling dewn of
mixer due to the dominance of surface effects over the volumetric ones, the very laminar regime
is also a challenge for the design of micromixers. In micromixers, due to their small size, the shear
stress increases in spite of the very low speed rad#iging in a laminar regime is a common step

in multiple biological processes due to the high viscosity of substances and the very low flow rate.
Micromixers can also be used as microreactors; in this case, the chemical reaction does not
depend on the sizef the device but on the reaction speed.

In this work, a pumping micromixer fabricated out of the electroactive polymer technology is
proposed. In the past, the fabrication of DEA micromixers was not considered due to the small
deformation of a single layeDEA. Thanks to the stacking of thin layers and prestretched
membranes, it is possible to achieve a larger displacement with lower voltages.

What makes Dielectric Elastom&tackedActuator (DESA) micromixers interesting for these
applications is the biampatibility [173][174] of the used materials (PDMS and graphite) and the
actuation principle, o which the micromixer is based, the peristalsis. The micromixer not only
mixes, but also pumps the fluids into and out of the device, decreasing the number of external
devices required. By changing the actuation frequency of the DEA, different mixowmaat flow

rates can be achieved.
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3.2.1.GEOMETRY

The geometry of the micromixer is based on a peristaltic pump previously developed fijA5jtz

The micromixer is 33 mm long and 25 mm wide. It is based on twelve stacked actuators distributed
in: two different pumping chambers (chambers 1 and 2) consisting of four paretiletars each

and a mixing chamber (chamber 3) made of four parallel actuators. The size of the actuators in the
pumping chambers (chambers 1 and 2) isn@ length and 6 mm width, while in the mixing
chamber the actuators have 3 mm length and im width. The distance between parallel
actuators is 1 mm.

Pumping Mixing
chamber 1 chamber 3

Fluid A
(@) E— Mixed fluid
4_’
Fluid B

Pumping
chamber 2 Thickness

— 25 mm —»

after actuation

All actuators off Top layer Actuators on

(50 pm)

Dielectric layer ——w————————
(50 pm)

Thickness
after actuation

Initial
thickness

[T
(TS
[T

(b) Protection layers
(50 pm)

—

J— - — Qutlet

Inlets

Fluid channel

Electrode layer |
(10um) | ====—=—= == Botttom layer
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Figure3.8: (a) Top view of the micromixer with two pumping chambers (green boxes) and one mixing chamber (red box),
each consisting of 4 actuated regio(Is) Working principle of the micromixer: cross sectional views of the micromixer when
all the actuators are off (I€fand when the voltage in some actuators is applied (right), where a change in the fluid channel
height is observed.

In Figure3.8, alayoutof the mcromixer is shown. Above, the top view of the micromixer with two
pumping chambers (green boxes) and one mixing chamber (red box), each consisting of 4 actuated
regions can be observed. The lower drawings show the working principle of the micromixée: profi
views of the micromixer when all the actuators are off (left); cross sectional view when the voltage
in some actuators is applied (right), where a change in the fluid channel volume is observed.

The micromixer is formed by a total of @6tuation layers. The layers are disposed in 15 layers of
50 um of elastomers sandwiched between electrodes, a protective PDMS layem(30 prevent

the contact of the liquid with the actuators, the empty fluid channel (@) and a symmetrical
number of layers to form the bottom part of the devidable3.2 summarizes the main geometric
parameters of the micromixer.
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In orcer to increase the diffusive mixing of the solute and solvent, the interfacial area could be
increased or the thickness of the solute and solvent layers decreased. Since the length of the
mixing chamber in the micromixer is small, the diffusive mixingiaseased due to the high
gradient of concentration in a short distance. In the microchannel, the difference between height
and width leads to a low aspect ratio, the mixing of solute and solvent is also favoured due to the
increase of contact of both sul@stces. On the other hand, a low aspect ratio leads to a decrease
in the dispersion factor, which leads to a decrease of the Taylor dispersion phenomenon (relation
shown in Eq 3.6).

It is possible to increase the diffusion coefficient by increasing thielsfliemperature or
decreasing their viscosity, but in practice this does not provide a very significant change in
diffusion.

For this particular design, the width of the channel is 3 mm and the initial heigltrd0The thin
layer channel increases the qadiel contact surface between solvent and solute.

Table3.2: Summary of the geometry of the system.

Micromixer

Length 33 mm
Width 25 mm
Number of protective layers 2
Thickness of protective layers 50 um
Channel height 40 pm
Total stacked actuators 12
Single actuators in a stack 15+15
Thickness of dielectric layer 50 um
Thickness of electrode layer 10 um
Distance between stacked actuators | 1 mm

Pumping Chambers (2)

Stacked actuators pénlet 4
Actuators length 3 mm
Actuators width 6 mm

Mixing Chamber

Number of stacked actuators 4
Actuators length 3 mm
Actuators width 15 mm

3.2.2MATERIALS

As mentioned in sectioft.1, an electrostatic actuator must have good mechanical and electrical
properties, in order to be more efficient. On the other hand, for the manufiacg of a micromixer
other properties such as biocompatibility and ligheight are important.

Although some other materials have shown better properties in terms of deformation versus
voltage, as the fabrication process is based in this case on stakiogatically single layers of
actuators, other properties of the materials like rapid curing at low temperature for the dielectric
and easy application and homogeneity for the electrodes are fundamental.
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C. Dielectric elastomer

In a material search, Elastlf47670, whose material properties suggest suitability for dielectric
elastomerstackedactuators, was considered the most appropriate elastomer for the fabrication
process. The main reason for it is the demand for low stiffness and a short curing laistesi®

P7670 is developed by Wacker GmbH for the use in prostheses, which also indicates its high degree
of biocompatibility.

In terms of mechanical properties, Elast8Bif670 has a low Young modulus of 165 kPa, and with
regard to electrical properti® a relative permittivity of 3. Elastd&R7670 does not have a high
electrical breakdown. Dielectric elastomer actuators are normally operated with the highest
possible electric field. If the electric field exceeds the electrical breakdown, the material
irreversibly breaks, so it is critical kmow this value before actuation. For Elast®Bir670, the
electrical breakdown is 46 V/ufi76], while for other elastomers this value is near 115 V/um
[132], for example ElastoSifilm E2030 (also from Wacker). Elast®BiI670 is provided astwo-
component silicone and crodisks at 80°C during 2 minutes.

D. Electrodes

Electrodes play an important role in dielectric elastomer actuators. As already suggested in section
1.2.2 a high electrostatic pressure can only be achieved if the electrodes do not impede the
expansion of the dielectric, contrary to the electrodes in a classical plate capacitor.

In the special case of dielectric elastomer stacked dotsathe electrode must also be as thin as
possible. Practically all electrode materials create a conductive surface by the juxtaposition and
superposition of individual particles. When stretched, the particles can glide past each other up to
a certain Imit without losing contact with each other. However, the thickness of the conductive
layer does not change. In the stacking actuator, the electrode layers therefore represent a
thicknessinvariant part of the total thickness.

Matysek et al[177] show that the electrode should therefore hoontribute more than 1®%6 of

the thickness of an actuator, so that the deflection of the actuator is also not affected by more
than 9%. In addition to these mechanicgeometric properties, the electrical properties of the
electrodes are of coursgarticularly important.

The most common material used as electrodes are cafimsed. The carbon can be present in
three different configurations: graphite, carbon black and carbon nanotubes.

Graphite is the natural, mineral form of carbon. The crystahet@re arranged in parallel layers,

in a hexagonal structure. This anisotropic crystal structure is macroscopically reflected in the
distinctly anisotropic mechanical and electrical properties of graphite. Commercial graphite
powder consists of angular garles with a diameter between @m and 50um, depending on the
fineness of the powder.

Carbon black is an industrial product and is mainly used as a filler to adjust the mechanical
properties of polymers, for example as printing cartridges. Due to pycofytoduction from
hydrocarbons, carbon black consists of spherical aggregates. These primary particles with a
diameter of about 100 nm agglomerate to particles with a diameter of about one order of
magnitude higher as the graphite particles. However, ¢helectrodes are too thick for multilayer
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actuators. Kovacs et gl.78]developed a process &pply the industrial carbon black (Ketjenblack
EC) so thinly to the dielectric that the electrode practically consists of only one particle layer.

Carbon nanotubes are the aboweentioned third configuration of carbon with a hexagonal crystal
lattice. Twabasic types of nanotubes are described: single wall carbon nanotubes (SWCNT) consist
of only one lattice wall, whereas multi wall carbon nanotubes (MWCNT) can have up to 50 coaxial
lattice walls. The tube shape leads to an extreme aspect ratio: the tygiemameter for SWCNT is

less than 5 nm, for MWCNT about 50 nm. The length can be several micrometres for both types.

Extremely thin conductive layers of SWCNT have already been used on EAPs as electrode material.
The SWCNTSs are sprayed on by airbrushriiows layer thicknesses. The film thicknesses range
from 5 nm to 250 nm with film sheet resistances betweerk 2 / andj0.1k q / [57§][180][181].

Like all nanoparticles, carbon nanotubes and especially SWCNT have a very large specific surface
area. This leads to a very strong agglomeration of the primary particles. The carbon nanotubes can
therefore only be brought into a solution by using dispersing agents, which often leads to reducing
the conductivity.

After analysing the characteristicstbese three materials, natural graphite has the best electrical
properties and is the easiest to process for the fabrication of stacked actuators by spraying.

Table3.3: Properties of the dielectric and etkeade material

Dielectric Wacker Elastosil® P7670 A/
Young Modulus (kPa) 165

Relative Permittivity; 3

Tensile Strength (N/mm?) 1.8

Tensile Strain (%) 600

Electrode MF 2/99,599,9E

Particle size (um) X50<2

Conductivity (S/m) 20

Sheetresistance, one layer (kOhm/sq¢ 10

The materials used for the fabrication of the micromixer are Ela8®g670 PDMS from Wacker
GmbH, for the dielectric and the passive layers, and flake graphite powder MF2/99,5.99,9E from
NGS Naturgraphit GmbH ftire electrodes. Some of the relevant properties of the dielectric and
electrode materials are summarizedTable3.3.

3.2.3WORKING PRINCIPLE

The proposed pumping micromixer corresponds to the active micromixers type. Active
micromixers need external energy sources to improve the mixing quality and speed. For this
prototype, an electric field is applied to the actuators to enhance the mixing andabslow the

fluid to flow: the DEA technology is used for this purpose. The shape of the micromixer is similar
to a Ytype passive micromixer-dhaped micromixers have only one entrance for the solvent and
one entrance for the solute, leading to a dmexit with the resulting mixture.

The mixing and pumping of the fluids are based on peristaltic movements. Peristalsis involves an
actuation principle where energy is transferred from the periodic motion of the walls to a fluid
volume. Actuator elementsre driven by rectangular signals with a phase shift to produce
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peristaltic motions of contraction and relaxation like the ones occurring in some organs in the
human body, where segments of the alimentary canal alternately contract and relax allowing the
food to travel inside the bodyF{gure2.3).

Some of the advantages of the peristal§s®ction 2.2.2) are that the fluid that has to be
transported only comes in contact with the walls of the pump. The contamination of the fluids can
be avoided, which is convenient in medical applications to inhibit the confabedNA or other
biologic substances with nedsiocompatible substances. In peristaltic systems there are no
rotating elements. Therefore, high relative velocities, which might cause cavitation, are not
expected. This is a highly important feature if trensported fluid separates under the influence

of high flow velocities such as suspensions.

The working principle of the micromixer is based on the opening and closing of the channel walls
between the actuators. When the voltage is applied, the actumexpand in area and compress

in thickness. By reducing the thickness of #tackedactuators, the volume of the channel
increases. A controlled activation and deactivation of the stacked actuators following the opening
and closing schemes for peristalfpumps, generates a phase shift between the activated
chambers and thus, a positive fluid flow towards the outlet. This produces a pressure gradient that
makes the fluid flow along the device. Previous works revealed that, although during one period
of sirusoidal excitation the liquid volume is flowing in both directions, the net pumped fluid
volume at the outlet after one period is nezero, indicating successful fluid pumping.

The channel walls are initially opeshwith a height of 40rm due to the manufacturing process.
The deformation of thestackedactuators isapproximatelyd % when a voltage of 1500 V is applied

to the electrodes. Each dielectric layer, as explained before, has a thicknesamf 3berefore,

the channel height chages from 40rm to 40mm +az when the actuation occurs, leading to an
increase in height of the passive state height. When the voltage is switched off, the actuators
return to the passive state and partially close the channel. This considerable charajene in

the chambers, mostly due to the change in height of the actuators, directly creates pressure
differences in the whole system, allowing the fluid to flow.

The twelve actuator elements are driven by rectangular signals with a variable phasehstiift w
causes a peristaltic motion through the whole device. The fluid flows through the channel in the
middle of the micromixer, firstly into the pumping chamber, afterwards into the mixing chamber
and then out of the devicdn the next chapter, the fabration and characterization of this device

is investigated.
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4. FABRICATION OF A PUMPING MICROMIXER

During the development of this thesis a pumping micromixer out of dielectric elastomer
actuator (DEA) has beedabricated. The micromixer belongs to the category of active micromixers,
i.e., the mixing of the fluids is not only provided by the geometry of the micromixgmpgy, but

also by the walls movements around the fluid, increasing the mixing efficieribg diiids, or in
other words, an external energy is applied to the system to enhance the mixing.

In the previous chapter, the mechanisms to optimize the mixing in micromixers have been
reported. In addition, the working principle, geometry and materalshe pumping micromixer
have been presented in detail. In the following chapter, the fabrication method, the electrical
connection techniques and the electromechanical and fluid dynamical characterization of the
pumping micromixer are presented. Moreoyéhe most relevant results of pumping and mixing
are exposed.

4.1. FABRICATION @RELECTRETACKED ACTUATORS

The fabrication method for stacked actuators in-Darmstadt highly differs from the previous
fabrication methods exposed in chapter 2. The autonaiin of the fabrication process for
stacked actuators greatly increases the variety of devices to fabricate. Within this sehton
fabrication method for a pumping micromixer with the automatic system is explained in detail.

4.1.1 FUNDAMENTALS QFELECTREIACKEB\CTUATORS

In order to decrease the applied voltage and to increase the actuator force, we assemble single
layer DEAs on one another to obtain dielectric elastomer stacked actuators (DESA) bayaulti
stacks: each single layer is electricallyroeeted in parallel. The fabrication of stacked actuators
allows a higher displacement in thalizection in comparison with the single layer technology due

to the large number of layers.

The change in thickned& is defined as the difference between the actual thicknéssd the
initial thicknessy . The static deflection of a stacked actuator with | @ SNA I YR . ¢2dzy3Qa
can be calculated as:

@
d2..2 48 o Eq4.1
C W

wherer) is the Maxwell pressure, the permittivity of free space; the dielectric constantD
the electric fieldg the initial dielectric thickness andthe applied voltage (in the order of a few
kV for typical DEA).

Figure4.1 shows in detail the deformation of stacked actuators. It can be observed how the
applied voltage irfFigure4.1(a), allows the deformation i, or the reduction of thickness of the
whole device, according tBigure4.1(b), thanks to the indidual decrease in thickness of each
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layer. Unlike single layer DEA, in dielectric elastomer stacked actuators the dimension of interest
is the change in thickness.

nzo

l
L

(a) (b)

Figure4.1: Dielectric stacked actuatavorking principle: in blue, the elastic dielectric material and, in grey, the compliant
electrodes. After applying voltage to the stacked actuator (a), an area deformation of the dielectric occurs and thus, thanks
to the conservation of volume, a decreasethickness of the dielectric takes place (b).

Some advantages of using stacked actuators are the decrease of the applied electric field, the
increase of the deformation i, the increase of the stroke and the robustness of the final actuator
comparedto a prestretched single layer actuator. There is no need to prestretch the dielectric to
obtain a higher stretch upon actuation.

In order to manufacture these multilayer systems, researchers have developed different
fabrication techniques. These can basdified in two main groups: 1) Sindgeer folding film and
2) layerby layer deposition methods.

The singldayer folding film method uses a continuous strip of the dielectric layer. The dielectric
layer is coated with compliant electrodes on bothesid This forms a single dielectric elastomer
layer. Afterwards, this coated strip is folded up several times forming a structure. The dielectric
layer can be a prefabricated film, for example, E2030 Eld3famih Wacker or a film fabricated

with the liqud elastomer.

While Carpi et al[182] used mould casting to fabricate rectangular and circular esession

folded DESA, Maaet al[183]developed a fully automated method based on a prefabricated film,
E2030 Elasto§il This allows very higuality actuators with homogeneous and reproducible
properties. Tley reported stacked actuators of 200 layers with an active area of 64 mm?2 and 3.5%
deformation when applying an electrical field strength of\BQm. The main drawback of this
folding processes is the lack of adhesion between the stacked layers, whiclheadno
delamination under tensile load. Thus, researchers have used polyased electrodes to solve

this adhesion issue, but as a result an increase of the stiffness of the final stacked has been
observed.

In layerby layer deposition methods, the diglgic and the electrode layers are alternatively
stacked. The dielectric layer as liqlimm can be structured using various methods. One of these
methods is the saalled doctor blading, in which a blade with a certain gap transports the
dielectric liqud on top of a substrate. This gap or distance between the blade and the passive layer
corresponds to the final thickness of the dielectric layer. The company CT Systems AG uses this
technology for the automatic fabrication of dielectric elastomer stacketdators. A more precise

liquid deposition method is the spin coating method. Here, a disc rotates at various speeds leading
to a very homogeneous and reproducible layer thickness. Matysek ¢184] developed an
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automatic process to fabricate stacked actuators based on depositing the dielectric layer by spin
coating and afterwards spraying the electrodes.

In this chapter, the micromixer devices are manuf@et with the method developed by Matysek
and the research group of Schlaak. In the following section, this process for the micromixer is
explained in detail.

4.1.2 FABRICATION TECHNIQUEDBSA

The technology used in this thesis for the production of dieledtacked actuators is based the
layerby layer manufacturing technique developed by Jungnmd®s], and followed by its linear
automatization by Matysek and Lofi84]. The process is based on three steps: dielectric
deposition, elastomer crosslinked/heating step and electrode deposition.

A. Dielectric deposition

First, PDM%lastosffP7670[186]components A and B, each in a single syringe, are automatically
mixed in a mixer, with ratio 1:1, and deposited on top of a plate disc. iHtecdn move along all

the stages of the fabrication procedhe stacked actuator grows in height on the centrifugal plate
along the processes. Different sizes of this disc are available in order to save material, depending
on the required diameter of théinal version of the actuator. Some of the parameters that are
modifiable in the dielectric deposition process are:

- Mixing ratio of PDMS

- PDMS dispensed dose

- Speed of PDMS dispensed
- Disc speed and acceleration

The first step is the spin coating of the PBMhe mixture of PDMS is deposited on top of the disc
surface, with a controlled amount and speed. The most important requirement for this step is
obtaining a reproducible homogeneous layer thickness that does not change even during the
production of 50 o more layers. The disc rotates in ramps at four different speeds, from lower to
higher rotational speed, in order to cover the disc surface with the elastomer material and get the
desired thickness. The fastest speed provides the final thickness of dstomler layer. The
various influencing variables on the thickness of the dielectric in a spin coating process are: a
constant rotational speed, duration of the spin coating process, the Newtonian behaviour of the
material to be spun on, a constant denséwpd viscosity. This process proves to produce layer
thicknesses in a range betweerut and 10Qum. Figure4.2 shows a schematic of this first step

of the fabrication process: the dielectric deposition.
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Component A

Static
mixer

Figure4.2: First step of the fabrication of DE&t Technische Universitat Darmstadt, the spin coating prodéesPDMS, in
two syringes each with a component of it, namely A and B, is unified by a PET mixer. The resulting mixture is deposited on
top of a spincoater disc which rotates to provide thesired thickness. Adapted and modified fr§h75].

B. Elastomer crosslinked /Heating step

The second step is a heating step for curing and crosslinking the PDMS. The disc travels to a new
stage, a metallic platform descends and surrounds the disc. While the disc rotates to uniformly
propagate the heat on thélisc, the heating element (a radiation source) starts operating. The
temperature and the duration of the heating is controlled by LabVIEW program. The disc has a
temperature sensor to ensure that the disc is not overheated. In case it happens, the pi©cess
automatically turned off. The temperature range available is between 0 and 150 °C. Two heating
stages are available in the system.

V;T*:—;‘:!fi] Heate
R

¢

Crosslinking process

Figure4.3: Elastomer crosslinking step. The disc arrives to a new stiagdneating area. The heating device descends and
covers the spin coater disc surface. While the disc slowly rotates, the heater crosslinks the elasttaperd and modified
from [175].

InFigured.3, the heating system is shown. The heating device descends and covers the spin coater
disc surface and heats while the disc is slowly rotating (around 10 rpm).

C. Electrode deposition

The third $ep is the electrode deposition on top of the crosslinked elastomer. The rotatory disc
arrives to a new closed stage. The electrode material is sprayed as a suspension by means of a
two-substance nozzle. Using a suspension allows the precise control afptaged particle
quantity via the measurable particle concentration in the volume of liquid held.
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A thin metallic mask with the desired shape of the electrodes moves down and locates directly on
top of the elastomer membrane without touching it. The etede suspension is atomized in a
point nozzle by means of the atomizing air. A second forming air stream transforms the resulting
round spray cone into a flat jet covering the entire actuator diameter. After the spraying of the
electrodes, compressed ag ejected from the bottom to ensure the evaporation of the electrode
solvents while the disc is gently rotating. The previous step of heating the disc helps the adhesion
of the electrode to the elastomer and the solvents evaporation.

The system has two gdians for spraying, each with a separate electrode solution tank and two
mask holders. Therefore, four different electrode shapes are possible for one actuator.

The interaction of atomizing pressure, forming pressure and nozzle opening, as well as tthe spee
with which the nozzle is moved over the elastomer surface, must be precisely matched to achieve
a uniform electrode quality. The variable parameters in this step are: number of paths of the
nozzle, time of spraying, distance in ttwalirection for sprajng and distanceé from the mask to

the elastomer layer.

>
Forming pressure ¢

z
x Atomizing air pressure —|

)
)
- ’, III \\ .
Pump
Mask holder

Mask 2 Mask 1

Figure4.4: Third step in the fabrication of DESA: sprayhmgelectrodes. The spin coater disc is located in the new stage
position. A mask holder supports two different masks, named Mask 1 and Mask 2. The desired mask is located on top of the
elastomer layer. To do so, the desired mask moves first ibteisto the right position, vertically aligned to the spin coater

disc. Then the mask moves down in thexis towards the elastomer layer in the spin coater disc until there is no gap between

the dielectric layer and the mask. A tank holds the electrodeesusipn. The electrode suspension flows to the spray unit or
nozzle by the action of a pump. The electrode solution enters the nozzle. While the nozzle head is movitgginettieon,

the electrode solution gets spread out of the nozzle and deposith®erlastomer layer with the mask shapedapted and

modified from[175].

Figured.4 shows a schematic of the spraying stage. First, a tank holds the suspension of graphite
isopropanol. Then, a pump agitates the suspend5 seconds before the spraying takes place, in
order to mix the suspension. At the same time, the electratiessk moves down to locate on top

of the dielectric layer. From one layer to the next one, the displacement ig-thas of the mask
decreasedo stay always at the same distance of the elastomer layer. This gap distance is the
thickness of the elastomer plus the thickness of the electrode.

Afterwards, a valve opens and while the nozzle is moving im#pas, the suspension gets out of
the dosng system of the nozzle with a controlled speed.

In order to control the thickness of the electrode, a dummy layer is tested before the fabrication
of a stacked to control the conductivity of the future layers. The electrode is sprayed on an
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elastomer lagr of 3mm thickness with the machine. The spraying parameters are evaluated,
measuring the resistance of the electrode.

The resistance measuring station shownFigure4.5 is used to measure sheet resistances of
elastic electrode materials. The conductive materials must be applied as a rectangular area on an
elastic material. A-4oint measuring instrument is ad for the determination of the film electric
resistance (SD510, NAGY measuring systems). Several resistance measurements are done before
the fabrication of a stacked in order to optimize the nozzle parameters. Previous experiments
demonstrated a constariyer resistance after the fabrication of more than 100 layers. Within

this method, the parameters of the spray nozzle are defined to obtain a precise thickness of the
electrode layers.

!

/_X/v 4-point measuring head

Thick elastomer layer

7

[
/ ]
Spin coater disc I;&h

Figure4.5: Resistane measuring station for the determination of the film resistance (SD510, NAGY measuring systems).
Adapted and modified frorfiL75].

Electrode layer

The mechanical structures of the process modules are supported by a basic framework, which also
includes the process infrastructure in the form of electrical energy and compressed air. Each
module has its own control electronics, which are controlled centrally via LabVIEW, but also a user
interface for manual operation is included. A control program on the computer manages the
central process sequence.

Table4.1: Summary of the degrees of freedom of the different elements of the automatic machine for the fabrication of
DESA.

AXxis x AXxis 'y Axis z
Rotational disc V
Mixer V
Heating system V
Mask stage V # V
Nozzle V

#The mask stage changes in thaxis, only when the type of mask is changed. As mentioned before, each spraying stage has
the possibility to spray through two different masks.

The entire manufacturing process described above is designed for elastonesrcesl with a
maximum diameter of 200 mm. Within this area, actuator elements with almost any shape can be
manufactured.

For a better understanding of the entire proceBsyure4.6 shows the different positions in the
linear stage. The movements of the elements in the axis are summariZedbied.1.
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4.1.3 FABRICATION OF A PUMPING MICROMIXER

The fabrication technique employed for the processing of the micromixer is based on the steps
mentioned aboveg187]: mixing of the PDMS Elast§$7670 omponent A and B, ratio 1:1; spin
coating of the mixed solution at different speeds in order to obtain an homogeneous film; curing
of the PDMS at 88C during 2 minutes; and electrode deposition by spraying graphite powder
over a shadow mask with the desil shape. The steps just mentioned are summarize€ignre

air graphite
suspension
9

AR
R Py

Step 1: Step 2: Step 3:

Spin coating the elastomer Crosslinking the elastomer Spraying the electrode

Figure4.6: Automaticfabrication process of dielectric stacked actuators. The three steps for fabricating EAPanritadt,
from left to right: dielectric deposition, elastomer crosslinking/heating step and electrode deposition. On the top hedt of t
figure, alayoutwith the axis helps understanding the movements of the stagésapted and modified frorfil 75].

For the fabrication of the micromixer presented in sectl®2.1 two spray stages with three
different masks are used, twaoif ground and driving voltage electrodes and the third one for the
fabrication of the channelFigure4.7 shows the three needed masks in gr&ygure4.7 (a)and
(b)show the masks with the pattern of the ground electrodes, represented with blue stroke
rectangles, and the driving voltage eleales, highlighted with red stroke rectanglésgure4.7

(c)is the maskused for spraying the channel.

(@) (b) (c)

Figure4.7: Shadow masks needed for the fabrication of a pumping microm{agand (b) masks for the electrodes and
(c)mask for the channel fabrication.

When 15 actuatotayers (half of the device) have been pused, the fabrication of the channel
starts. The shadow maskiigure4.7 (c)), or channel mask, is placed on top of the last elastomer
layer, or protection layer. This layer is meant to protect the fluids to be directly in contact with the
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electrodes when the micromixer is in operation mode. Afterwards, a nozzle sprays the graphit
suspension several times until the required thickness of the channeind0s obtainedFigure

4.8 shows an image of the actuator right after tfebrication of the channelThen, on top of it,

the fabrication of the next 15 layers of actuators continues, starting with the next silicone
protection layer. The entire manufacturing process described above is designed for an elastomeric
disc of 40mm diameter. The fabrication of one full micromixer device takes approximately 3 hours
with this automatic procedure.

Figure4.8: Fabrication process after spraying 4@ graphite suspension on top of the pratéve elastomer layer of the
micromixer to form a microfluidic channel.

Once the micromixer layers have been produced, the channel is rinsed with isopropanol and water
to remove the graphite and leave the channel open. This procedure is repeatito waste of
graphite is found at the outlet and until the space between electrodes remains transparent. Other
solution options, like watesoluble polymers in isopropanol, have been considered, but these
solutions tend to dry out and cause plenty moblems in the nozzle unit and inside the small
pipes, normally clogging them up. Afterwards, it is difficult to remove these solid polymers from
the system without damaging it.

Pumping

chamber'1 i

Fluid A o
i . Mixed fluid

- Pumping

chambr |

(@) (b)

Figure4.9: (a) A photograph of a finished fabricated micromixer, ghjithe same photo, modified with grey rectangles to
clarify where the actuators are. The different chambers are indicated (pumping chambers in green, mixing ¢haed)er
Both inlets and the outlet with the mixed fluid can be observed.

The micromixer manufactured as mentioned above igm®3 long and 25 mm widekigure
4.9(a)and (b) show a photograph of the manufactured micromix&he micromixer is based on
twelve stacked actuators distributed in: two different pumping chambers, chambers 1 and 2,
consisting of four parallel actuators each; and a miximgmber, chamber 3, made of four parallel
actuators. The size of the actuators in the pumping chambersrism3vidth and 6 mm length,
while in the mixing chamber the actuators have 3 mm width asdhin length. In sectio.2.1in
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this thesisFigure3.8 shows dayoutwith more details about the lgers. In the same sectiomable
3.2 provides an overview of all the dimensions.

4.1.4AMICROMIXER CONNECTIONS

For the integration of the micromixer as a worffidevice, it is necessary connecting it to a power
supply in order to provide the electric field to the actuators. For this purpose, each layer of one
stacked should be connected together and afterwards to a power supply with the controlling
system. On th@ther hand, the micromixer has to be connected to reservoirs and tubing in order
to be in contact with fluids.

A. Electric connections

After manufacturing the micromixer device has a circular geometry due to the spin coating
process. First of all, theevice is cut with a laser cutting machine in order to have a more
homogeneous cut for the electrical connections. The cut is intended to be close to the edge of the
electrodes in order to easily connect layer by layer via wire connection.

In this devicethe connection technique used to electrically connect the driving voltage electrodes
is different to that of the ground electrodes. Driving voltage electrodenections are based on
graphite powder (MF 2/99:89,9E, NGS Naturgraphit GmbH), conductivegésitver conductive
grease, CW7100, Circuit Wofkand a copper wire through a hole which connects to every single
driving voltage electrode layer in a sta€kgured.10(a) shows how the connection is done for this
particularcase.

wnw e
Voltage connections

Wire connection

Dielectric elastomer

Electrode layer Conductive paste

*=Ground

connections "8

—— N
(a) (b)

Figure4.10: (a) A layout of the electrical connection of the voltage electrodes of the micromigexA photograph of the
fabricated microfluidic device with tubes and electrical interconnections. White stroke rectangles show the ground
connection driven by a black wire. Redogt rectangles, the driving voltage connections with coloured wires.

Figure4.10(b) shows the complete micromixer with electrical interconnections.ité/Istroke
rectangles are for ground electrodes connected via a black wire, while red stroke rectangles
correspondto the driving voltage connections. Since each voltage connection has to be driven in
different phases, each single stacked actuator hasdividual connection ending in a single wire.

To decrease the amount of wire connections, ground electrodes are connected by means of
conductive PDMS (Elast$4iR3162, Wacker GmbH) and a copper wire in groups. This means, both
pumping chambers ground edtrodes are connected together and all ground electrodes in the

mixing chamber are also connected together. The ground electrodes are always connected to
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ground. Switching on and off a stacked actuator is only obtained by turning on/off the driving
voltage.

The number of connected layers achieved by these methods is typically greater tharo®the

total amount of layers. This can be estimated by the overall capacity determined with impedance
measurements for each stacked actuator. When the ratio of eoted layers in a stacked is lower
than 90%, connection will be renewed to ensure a maximum of deformation, and thereby
displaced volume, in a chamber.

The twelve actuator elements are driven by rectangular signals with a variable phase shift which
allow simulating a peristaltic motion through the whole device. The fluid flows through a channel
in the middle of the micromixer, firstly in the pumping chaentand afterwards in the mixing
chamber.

As described before, the actuator layers are separated from the fluid by two protective layers of
Elastosft PDMS P7670. The nearest electrode to the channel is a ground electrode, to prevent
contact of the fluid vith the voltage in case of rupture of the protective layer.

Figured.11 shows the basic setup for controlling the voltage applied to the actuators. Each stacked
actuator is connected to an electrically switchable circuit on a printed circuit board. Phase shift,
switching frequency and duty cycle are controlled by an Advantech4US® data acquisition
device and a LabVIEW application. A high voltage power supply (Matsab&l&B20) is used to
power the actuators.

Data aquisition
module

Transistors

High voltage
power supply

T 6 Frp—
i &

Dielectric elastomer

stack actuators

Figure4.11: Set up for controlling the actuation of the micromixer.

B. Fluidic connections

The last step in the fabrication of the micromixer device is the fluidic connection. For this purpose,
firstly, 3D printing connectors are used to contact the micreenichannel with the tubing. The
connectors are made d?olylacticAcid (PLA and they have a flat opened area which connects to

the micromixer and a rounded opened surface for the tubing. The flat aperture is glued to the
micromixer channel by using the same PDMS as for the elastomer fabrication (EI&t6ED).
Thanks to theselthealing properties of the silicone, it is possible to attach the PLA connector to
the protective PDMS layers that surround the channel. Three PLA connectors are necessary, two
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for the inlets and one for the outlet. The pipes get attached to the coturedy only applying
force.

The tubes are connected to the inlets and outlets of the device. The micromixer device is
connected to 3 pipes of 3.2 mm diameter. The pipes are at the same time connected to three
reservoirs. The reservoirs R.1 and R.2 atbainlet, while R.3 is at the outlet of the micromixer.

4.2. CHARACTERIZATION

After the fabrication of the pumping micromixer, the characterization of the device is necessary.
First, measurements of the elastomer layer thickness are performed to confirsutteess in the

spin coating process. This step is only needed once for all the devices. Then, the electrical
connection of each actuator is checked, or in other words, number of layers connected. This
experiment is repeated for each device. Lastly, theodehtion of the stacked actuator layers is
characterized to have an estimation of the deformation acquired in the channel, or change in
volume of the chambers.

4.2.1 CGHARACTERIZATION OF THE LAYER THICKNESS

As previously mentioned, the layer thickness of the tela®r is relevant to the actuation of DEA
in determining the highest possible electric fieldthat can be applied without dielectric
breakdown.

(a) (b)

Figure4.12: Images of the cross section of a pumping micromifedrA magnified image of a couple of layers of elastomer
separated by graphite layer&) Half of a micromixer under the microscope (KeyeW&£x600).

The layer thicknes homogeneity is characterized using a digital microscope Key@&ihs€00.

Half of the devices are fabricated with the same procedure exposed in sdcli¢hand laser cut

in the middle of the electrode. Afterwards, the thickness is measured with a digital microscope
and the values are evaluated.

Figure 4.12 shows two images of the cross section of half pumping micromikeyure
4.12(a)shows in detail the difference between elastomiayers Elastosf? P767Q and thin
electrode layers out of graphiteMF 2/99,599,9E, NGS Naturgraphit GmbHvhile Figure
4.12(b) shows half of a pumpg micromixer.
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The thickness of the elastomer layers is measured for two half pumping devices and different
actuators (pumping actuators and mixing actuators). The actuators in the middle of the device
showed a greater difference in thickness th#mse nearer to the edges of the device. The
thickness of the elastomer layer measured is §h8and the thickness of the electrode layer is
9.8um.

Figured4.13shows a cross section of the connection zone of the pumping micromixer. It is possible
to observe where the ground electrodes and the driving voltage electrodes end. The electrical
connection takes place there by means of copper wires.

I

Ll X XX L --+—

Figure4.13: Layoutof the connection cross section of a pumping micromixer (left) and cross section of the pumping
micromixer in the connection zone (right).

4.2.2 CHARACTERIZATION OF THE ELECTRICAL CONNECTION

In a stacked actuator, it is important to know the number of active layers that are actuating each
time to predict the deformation of the stack. To know how many layers are connected, impedance
measurements are necessary.

The total capacitancen a stacked aoator is U times the capacity of a single capacitor.
Considering the rectangular actuators of the mixing chamber (3 m&mm of 30 layers), the
PDMS relative permittivity of 3 and the distance between plates (the thickness of the dielectric
layer of 50um), the theoretical capacity of the stacked actuators is 0.8@06

Table4.2 summarizes the values of capacity for the actuators in the pumping ceaantd in the
mixing chamber, and the minimal value for considering a successful electric connection of the
stacked actuator. The criterion for this value is to have at least tH @5 the total capacity of

the stack.

Table4.2: Summary of the values of capacity for the actuators.

Area Theoretical capacity Min. capacity (>9%%)
Pumping actuator 3mm x 6 mm 0.2869 nF 0.2726 nF
Mixing actuator 3mmx 5mm 0.7173nF 0.6815nF

The capacitance measurements needed for the characterization of the micromixer pump are 4
measurements per actaor. As each device comprises 12 stacked actuators, 48 impedance
measurements are needed to fully characterize the number of connected layersgeongithat

the first connection is successful for all stacked actuators.
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4.2. 3 DEFORMATION OF THE LAYERS

The deformation of a Hayer actuator (half of a micromixer) is measured using a high accuracy
Keyence laser triangulator, 1&32. In particular, the anadis of the deformation measurements

in a complete micromixer produced ngaliable results in our measurement setup, therefore half
of a micromixer device is fabricated and used for the measurements.

Figured.14represents a schematic of the general electrical connection of the micromixer and the
specific set up for applying voltage. A laser triangulatorGBR) points to a single actuator. It
sends theinformation to a computer, which at the same time controls the voltage signal with a
LabVIEW program. The high voltage power supply is a MatsusddabB20.

Keyence laser
triangulator
(LK-G32)

Half a
micromixer

Matsusada - AMT 5820

High Voltage W
Power Supply

i e
—

Figure4.14: Layoutof the deformation measurement set up.

The purpose of these experiments is the measurement of the displacement of the actuators, to
get an impression of the maximal deformation of the walls of the channel and therefore the
maximal amount of chamber volume chargghievable with these actuators. The measurements
shown here are performed on the pumping chamber actuators, which are critical for the fluid to
be pumped in into the micromixer. In order to get reproducible data, three different pumping
micromixers are tsted. Within these three pumping micromixers, the first pumping actuator in
Inlet A is chosen to be measured.

Different input signals and frequencies are applied at varying voltages. Firstly, rectangular signals
are supplied from 1000 V to 1500 V in 50&fs. Each thickness measurement is carried out 30 s
after the beginning of the actuation.

Figured4.15shows the deformation as a function of voltage fectangular input signals. Measured
data points are shown for different frequencies: 1 Hz, 2 Hz and 10 Hz.
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Figure4.15: Deformation vs voltage for rectangular input signals. Tagig represents the \tage applied to the stacked
actuator, while the yaxis represents the deformation of the stack. Thaxjs on the left refers to the displacement of the
actuator in height and the-gxis on the right relates to the relative deformation. The error barsesmpond to the standard
deviation of the observed deformation.

The rectangular signals with 1500 V driving voltage produce deformations of 36.95, 34.25 and
33.8um for 1, 2 and 10 Hz, respectively. As it can be observed, the deformation of the pumping
chamber stacked actuators is greater at lower frequencies.
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Figure4.16: Deformation vs voltage for sinusoidal input signals. Ta&ix represents the voltage applied to the stacked
actuator, while they-axis represents the deformation of the stack. Thaxjs on the left refers to the displacement of the
actuator in height and the-gixis on the right relates to the relative deformation. The error bars correspond to the standard
deviation of the observedeformation.

The sinusoidal signals representedRigure4.16 produce deformations of 25.15, 21.45 and
21.23um at 1500 V (peato-peak voltage) for 12 and 10 Hz, respectively. As in the previous case,
the deformation of the stacked actuators is greater at lower frequencies. In this case, since it is a
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sinusoidal signal, the holding time at maximum voltage to fully charge the actuator is lower than
in the case of rectangular signals, thus a lower deformation of the actuator is expected.

Figure4.17 shows all the fitting curves obtained after the aysis of the deformation of the
stacked actuators with different input signals. In the graph, rectangular signals and sinusoidal
signals are represented with the same colours as for the previous graphs. Here, rectangular signals
at peakto-peak voltages abae 1200 V prove to perform better than sinusoidal signals. For the
three frequencies under study, 1, 2 and 10 Hz, the rectangular signals have a bigger deformation
of the stacked actuators. A difference of at least Z%a®f deformation for each frequenay the

stacks is observed, which means approximately &o3@ss deformation by using a sinusoidal

signal than by using a rectangular signal.
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Figure4.17: Summary of all the applied signals different frequencies to compare the deformation. For the sake of
simplicity, only the fitting lines are shown, with the same colours as previously. The DC fitting line is also shown.

The deformation with DC voltage is also showrrigure4.17, corresponding to 30 s of actuation
of the stack. The deformation obtained for DC voltage at 1500 V ig#@.8hich is the maximum
deformation possible. Obviolys an alternating voltage is necessary to move the channel walls

and allow the fluid to experience a pressure difference in the chambers.

The rectangular signal is therefore chosen for the actuation of the micromixer, due to its larger
deformation. Wherthe actuators are driven with a rectangular signal of 1 Hz at 15(@fielectric

breakdown of Elasto$§iP7670 is 30 Wm [176]),1 KS OKI yy St

I L) AYONBI aSa

open due to the manufacturing process) to 113%n, which represents an increase of
approximately 20@0. When no voltage is applied, the actuators return to the passive state,

partially closing the channel.

The working principle of the micromixer is based on the opening and closing of the channel walls
between the actuators. When the voltage is applied, the actuators expand in area and compress
in thickness. By reducing the thickness of the stacked actuaiitihsa certain phase shift and duty

cycle, the volume of the channel increases. This produces a pressure gradient that makes the fluid

flow along the device.
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4.3. EXPERIMENTAL RESULTS OF PUMPING MICROMIXER

In this section, preliminary results of the pumping ramixer are shown. The first characterization
of the pumping quality of the device and the mixing efficiency are demonstrated.

4.3.1H.OW RATE

In order to get the fluid to flow, the pumping micromixer has to switch the actuators on and off
coordinately, with aspecific phase shift, to achieve the peristaltic movements mentioned in
section3.2.3p ¢ KS O2yOSLIi Aa (2 62N] Ay | AAYAL I NI o
reason, the actuators act like valves, which allowflbél to pass through a specific section and

partially close to not allow the fluid flow backwardsigure4.18 shows the numbering of the

actuators in the micromixer for a better understandiofgthe actuation phase.

Figure4.18: Numerical designation of the actuators in the pumping micromixer.

Figure4.19shows the eight actuator elements of a single line, A or Bediiby rectangular signals
with a variable phase shift, which allows simulating a peristaltic motion through the whole device.
The fluid flows through the channel in the middle of the micromixer, first into the pumping
chambers and afterwards into the migichamber

In Figure4.19, the timing of different actuation configurations is described. Vkaxis shows
stacked actuators, numbered from the inlet in the pumping chamber (stacked actuators 1, 2, 3
and 4) to the outlet in the mixing chamber (stacked actuators 5, 6, 7 and 8)-ahe represents

the actuation time. The period, defined as the irseiof the frequency, and the phase sha ()

are indicated.

The stacked actuators are tested with different configurations.Flgure 4.19(a), the 11
configuration is represented: the stacked actuators are activated sequentially with a rectangular
phase. When the third stacked actuator turns on, the first stacked actuator turns off. The same
behaviour continues in order to obtain a propagation of thid along the channel. IRigure4.19

(b), the 2:2 configuration is represented. In this case, two stacked actuators turn on and off at the
same time so that the volume of the liquid transported is bigger than that in the 1:1 configuration.
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Figure4.19: (a) Stacked actuators performing a 1:1 configuration or single driving stacked actuatq(ts)atatked actuators
performing a 2:2 configuration or 2 stacked actuators actuated at a time. Each colour represents a propagating wave.

To initiate the characterizeon of the fluid flow of the pumping micromixer, electrical and fluidic
connections are installed in the system. Here, the electrical connections provide the high voltage
input signal to the actuators to perform with specific phase shifts and sequencéswing the
configuration 1:1 or 2:2 exposed above. The procedure is based on the method described in
section4.1.4 Moreover, fluidic connectors aradded to the system. Firstly;EBprinted structures

of PLA are inserted into the open channels at the inlets and at the outlets. These structures are
fluidic connectors that vary from a circular shape to a rectangular shape. The rectangular cross
sectian is inserted in the micromixer channels and glued, while the circular shape is inserted in
commercial tubes. The tubes have a 3.2 mm diameter. These are also connected to three
reservoirs. The reservoirs R.1 and R.2 are at the inlet, while R.3 is attlbead the micromixer.

All the tubes have the same length in order to provide the same pressure loss to the system and
are connected at the same height of the reservoirs to avoid a difference of fluid pressure and thus,
a nondesired fluid flow.

In Figure 4.20, a block diagram with the relation between the different elements in the
measurement set up is shown. Two main parts can be distinguished: ttteied and the fluidic
connections. More details about the electrical connection elements can be found in séctidn
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Figure4.20: Block diagram of the full measurement set up. Both electrical and fluidic connections are represented in the
sketch.

First tests concerning the flow rate are made for the pumping micromixer prototyperder to
properly choose the fluids in use, an analysis of PDMS properties is important. PDMS channels are
excellent from the manufacturing point of view. The fabrication process tends to be low cost and
simple, while the fabricated devices are in gendiacompatible and robust, which enables many
applications related to biology or medical fields. However, PDMS is highly hydrophobic, thus,
flowing waterbased solutions within the channels might be troublesome. In the previous devices
from chapter 2, suace treatments like oxygen plasma of the channel have been implemented to
overcome these challenges. Due to the continuous fabrication process of the stacked actuators,
surface treatment methods to modify or increase the hydrophilicity of PDMS like Opjagna,
UV-radiation, silanization or chemical vapour deposition are not possible. Instead of using a
surface method treatment, a surfactant (20 g/L) innter is used as the solution to be pumped

to reduce the hydrophobicity of the PDMS channels to DI water.
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Figure4.21: Flow rate at the outlet of the micromixer for different frequencies and actuationigardtions at 150/ with
a rectangular signal. The error bars correspond to the standard deviation.

In the previous section, the deformation of the actuators at different input signals, sinusoidal and
rectangular, was tested. It was proved that for thécromixer at high electric field rectangular
signals provided a greater actuator deformation. Thus, rectangular signals with 1500 V driving
voltages and a Dbias half the amplitude, are here used. The stacked actuators are acting with
0.5 duty cycle and®@ phase shift. The two configurations, 1:1 and 2:2, are tested at the same
frequencies, to compare the obtained flows. Higure4.21, the flow rate ersus the frequency for
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the 1:1 configuration, in red, and the 2:2 configuration, in green, are plotted. Both configurations
show a linear behaviour.

The analysed frequencies are 1, 2 and 10 Hz for each configuration. For each frequency, the 2:2
configurdion provides a higher flow rate performance than the 1:1 configuration at the same
actuation voltage, 1500 V.

A peristaltic pump needs at least 3 chambers or valves to be able to generate a flow. For a single
inlet A or B, the configuration 1:1 works aslifferent valves: 4 stacked pumping actuators and 4
stacked mixing actuators. Whereas the configuration 2:2 performs as 4 valves, 2 double stacked
pumping actuators and 2 double stacked mixing actuators.

The flow rate difference at all frequencies betweloth configurations can be explained due to
the difference in net volume transported per cycle. Configuration 2:2 delivers double the volume
per actuation cycle as the configuration 1Thble4.3 details the geometrical values of the stacked
actuators in the pumping chamber. As it can be observed, the volume difference between on and
off states of the actuators a/olume) decreases with increasing freqoees for both
configurations. Thisd/olume does not refer to the total volume transported per cycle. As it is a
permanently open channel (40 um thickness gap), the fluid flows both forwards and backwards
when the actuator switches from on to off. This opehannel refers to the off state represented
Ay GKS Gl1o6fS a ahccéod ¢KS RIFIGF O2yaiARSNBR KS
deformation measurements for rectangular input signals at 1500 V and-kid3Chalf of the
amplitude from sectio.2.3

The highest flow, obtained at 1500 10Hz and with the 2:2 configuration, is 23ub/min at the
outlet. Although the deformation of the stacked actuators at 10 Hz is slightly lower (implying a
lower displaced volume per actuation), the flow rate is larger due to the higher number of
actuations per unit of time. The flow rate is measugdter 30 min of actuation, measuring the
displacement of the liquid into the outlet tube.

Table4.3: Geometry and volume difference between on and off states for the pumping actuators at various frequencies.

Actuation | | ength | Width Thicknes®ef, (um)|  Final Thickness Volume On a/olume
(mm) (mm) (mm) (ML) (ML)

Configuration 1:1

OFF 3 6 0 0.040 0.720 0

1Hz 3 6 2 x36.95 0.114 2.050 1.330

2Hz 3 6 2x34.25 0.109 1.953 1.233

10 Hz 3 6 2x33.80 0.108 1.937 1.217
Configuration 2:2

OFF 6 6 0 0.040 1.440 0

1Hz 6 6 2 x36.95 0.114 4.100 2.660

2 Hz 6 6 2x34.25 0.109 3.906 2.466

10 Hz 6 6 2x33.80 0.108 3.874 2.434
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Further measurements at higher frequencies are necessary to knopdteatial of the pumping
micromixer. No more measurements with the pumping micromixer were possible along this thesis
due to fabrication problems with the automatic manufacturing setup

Higher flow rates are expected at higher frequencies for the pumpirggomiixer. In fact, the
highest flow rate should be obtained at the resonance frequency of the stacked actuators. At the
resonance frequency, the deformation of the actuator gets to a maximum peak. The combination
of a very high deformation of the actuatat the resonance frequency and the movements of the
walls at the resonance frequency itself leads to a great increase of the displacement volume of
each chamber and thus to a much higher fluid flow than the one already obtained experimentally,
which makeshe pumping micromixer a promising device. In chafige€COMSOL Multiphysfts
simulations of the pumping micromixer are performed to understand the pumping behaviour of
the system and its limits.

4.3.2 MIXING OF FLUIDS

After the evaluation of the pumping behauioof the device, the characterization of the mixing is
necessary. Several methods are available to examine the mixture quality of a sample. Some of
these imaging techniques are twbimensional optical microscopy, twdimensional fluorescence
microscopy ad confocal laser scanning microscopy.

Optical microscopy[188] is a techniqgue employed to closely view a sample through the
magnification of a lens with visible lighthe wavelength spectrum corresponds to that of the
human eye, fromapproximately400 nm to approximately750 nm. Optical microscopy is a
nor-invasive technique.

In fluorescence microscofd¥89], the image observed is the result of electromagnetic radiation
emitted by the molecules thehave absorbed the primary excitation andemitted light with a
longer wavelength. To let only the desired secondary emission pass, appropriate filters must be
placed under the capacitor and above the lens. Fluorescence is a phenomenon ofiralort
luminescence that certain molecules called fluorochromes and fluorophores have.

Confocal laser scanning microsc§p90]is a method available for obtaining the optical equivalent

of thin fluorescent sections. The optical principle of confocal microscopy is simple: it optically takes
two-dimensiondsections of an object to form a thredtmensional image of the object. In confocal
microscopy, both condenser lens and objective lens must have the same point of focus.

Apart from the optical system and light source, the acquisition and processing oh#ges are
important. They can be performed with image sensors like chaogpled devices (CCDs),
complementary metal oxide semiconductor (CMOS) image sensors or digital images. In this work,
the digital imaging is used to analyse the mixing qualitygesare captured while the micromixer

is mixing. The images are analysed afterwards.

The mixing is evaluated using two additives of different colours at the inlet and by observing the
colour of the mixture at the outletTwo water soluble colorants, red drblue, are separately
solved in 100 mL Nater with 2 g surfactant. The colorants at the inlets A and B are light blue and
red, respectively. After applying a rectangular signal at 1500 YAz1énd 2:2 configuration, the
outlet shows a change in threlorant.
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Figure4.22 shows how the colorants at the outlet have completely changed the colour to dark
purple. Moreover, it can also be observed thaetmixture of the colours is rather homogeneous
at the outlet.

Figure4.22: Micromixer used with different colorants, blue and red, for the inlets. The observed output ipdeple.

Direct statistical mdtods are used to analyse the data obtained. A code in MATLAB is used to
determine the value of the pixels. The thrdemensional coordinates RGB (red, green, blue) model
is used to determine the mixing quality.

With the RGB triplet, it is possible to knde colour similarity between several colours, based on
the distance between the colours in the cube showrFigure4.23. The shorter the distance
between two points, the higher the similarity between colours.

Figure4.23: The RGB colour model mapped to a cube. The origin, black, is the hidden[¥6dtEx

Knowing the distance between different colours is difficult to describe without a quantification
method. The Euclidean distance is often used to measure the distag@tween colours. The RGB
colour ranges from 0 to 255. The higher the number, the closer to the pure colour. For example:

(255, 0, 0) corresponds to pure red colour
(0, 255, 0) refers to pure green colour
(0, 0, 255) corresponds to pure blue colour

Thea! ¢[ ! . &AONALIE O2RS ¥F2NJ GKS OKINIOGSNART I GAzZY
function; the RGB function for analysing the colour of a photo in RGB format for each pixel; a
function for saving the RGB coordinates of the selected points in adwy and the basic
equations for calculating the median and the standard deviation.
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The colour analysis in MATALB follows three steps:
a) Upload image function
b) wSI R SI OK LIAESt 0Oy LKR.G2%ANMEUDE dAYNBI R
c) Manually select points inaphoto a8 O2 NRAYy 3 GKSANJ wD. @I f dzSay

Figure4.24: Micromixer picture of the mixing: 40 pixels, indicated with blue crosses, were analysed per tube.

By using this script, 40 pixels in the photo arestd for each colour, i.e., 40 points for red inlet,
40 points for blue inlet and 40 points for the outlEigure4.24 shows the image used for analygi
the mixing. The three images are the same, but with different indications.

Figure4.25shows a histogram with the data obtained directly from the MAB script. The values

are expressed as the mean value of the 40 points, while the variance is shown as bars. As it is
shown, for the case of the red inlet the maximum value corresponds to the R value, and for the
blue inlet to the B value. The outlet cesponds approximately to the average value of both inlets.
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Figure4.25: The histogram represents the direct value obtained from the pixel selection in MATLAB. The bars represent the
variance of thevalues.

Figured.26 represents the theoretical RGB values for the mixture of both red inlet and blue inlet
considering the mean value of the 40 pixele\pously evaluated. Theraxis represents the
concentration of blue colorant in the mixture fromt® 100%: 0% corresponds to the red
colorant at the inlet, while 100 % corresponds to the blue colorant at the inlet. The pixel RGB value
at the inlets wa measured using an analysis tool in MATLAB. Considering the Euclidean distances
between the RGB values of the red and blue colorants at the inlets, the values for intermediate
concentrations are calculated and expressedrigure4.26.
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Figure4.26: The plot represents the theoretical values obtained from the mixture of the blue andatedants. Crosses
represent the values in the RGB scale at the outlet obtained by a pixel analysis in MATLAB.

The theoretical values for 3% concentration of blue colorant (and consequently%®f red
colorant) are 126, 100, 126 (R, G, B). These vaheamarked with triangles at 3% concentration

in Figure4.26. However, the results obtained with the analysis of 40 pixels at the outlet with
MATLABpoint to an experimental value for the mixture of 119, 98.5, 125 (R, G, B). These
experimental values are representedrigure4.26 with three crossesach one for a R, G, B value.

Figure4.27: Modified photo of the micromixer. In rectangles, the colours of the mean value of the tubes obtained after the
analysis of 40 pixels in each one WWIATLAB. The purple circle represents the theoretical value obtained from tBe 50
blue inlet (from the mean value) and 39 red inlet (from the mean value).

Figure4.27 shows rectangles coloured with the mean values obtained with the MATLAB analysis

of the pixels. The colours of the rectangles slightly differ from the colours of the tubes from which

they were taken due to the high variance in the 40 pixaken. The circle at the outlet shows the
0KS2NBGAOIE @FfdzS 200FAYSR FTNRBY (GKS YSIyYy @I fc
difference can be seen between the experimental (rectangie) the theoreticalcircle) purple

colours.

Like for vectorsit is possible to measure the distance between two colours in order to know the
similarities between them. The distance between colours in the RGB system can be expressed as:

AEOOAT AA Y "0 O 6 © Eq4.2

Where the subscript 1 refers to the purple colour of the theoretically obtained value and subscript
2 corresponds to the experimental one. R, G and B are the numbers from 0 to 255 of the RGB
system for each colour.
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Thedistance obtained between both purple colours is 7.14. This value is smaller than the variance
of the purple colour obtained with MATLAB. The variance of the valuésBRis (11.11, 10.76,
13.26). Thus, itis proved that the $Omixture of blueand redcolorants is successfully achieved

by the micromixer.

This micromixer has shown the capability to homogeneously mix solutions. Further investigations
involving this device might include the mixing of welbwn solutions to test the efficiency of the
readions and conversions. In this way, the optimal residence time can be experimentally obtained
to maximize the conversion of the reactants. Mixing different ratios of solutions by only changing
the frequency of actuation of the actuators in pumping chambaevith respect to the pumping
chamber 2 and synchronising the frequency of both chambers with the mixing chamber might be
the following step in the research of this device.

In this chapter, active pumping micromixers have been fabricated and charactePimetping
micromixers have been fabricated using the laggdayer deposition method. An automatic
procedure for the fabrication of stacked actuators based on the repetition of three steps (spin
coating of the elastomer layer, crosslinking of the elastotager and spraying of an electrode
solution through a mask), has been used. The method lasts 3 hours until the production of a full
pumping micromixer. Hence, the procedure has proved the ability to manufacture complex
structures as the pumping micromixer

Several properties have been characterized: dielectric and electrode layer thicknesses; electrical
connections; actuator deformation at various input signals and frequencies; flow rates at various
frequencies and configurations; and the mixing quality.

Frstly, the thickness of the dielectric and the compliant electrodes were measured. The values
obtained are 50.3im thick for the elastomer layer and 9.8n for the electrode layer.

Then, the electrical connections have been tested for the stacked acgiadAs a criterion, 9%

of the dielectric layers must be electrically connected. Impedance measurements of each stacked
actuator are performed to verify the quality of the electrical connections. For stacked actuators
with a capacitance less than the 9% the electrical connections are-establisheduntil more than

95 % of the layers are electrically connected. For the pumping actuatonsn(& 3mm, width x
length), minimum capacity corresponds to 0.27%#5 while for the mixing actuators §Inm x

3 mm, width x length) 06815nF.

Once the electrode layers are electrically connected, the deformation of the layers is studied. As
far as pumping is concerned, stacked actuators in the pumping chambers are the bottleneck for
the fluid flow due to their smallesize compared to the stacked actuators in the mixing chamber.
For this reason, it is important to quantify their deformation, as it limits the fluid flow in the
micromixer. Two input signals have been used: rectangular and sinusbadidé4.4 summarizes

the main results obtained for the deformation of half of stacked actuators layers for the stacked
actuators in the pumping chambers. In the tablé{4, 2Hz and 10Hz are represented for 1500

with a DGbias of half the amplitude (75@). The maximal values obtained are 25.b% for the
sinusoidal input signal atdz and 36.95m for the rectangular input signal.
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Table4.4: Pumping micromixer main results obtained.

1.Sinusoidal signgDGbias): 1500 V (750V)

1Hz 2 Hz 10 Hz

Actuator Deformation? 25.2+2.3 um 21.4+2.3um 213 £1.7 um
2. Rectangular signal (Bi@as): 1500 V (750V)

1Hz 2Hz 10 Hz
Actuator Deformation* 36.9+2.3 um 343+£2.9 um 33.8+£1.8um
Flow rate (Config 1:1) 0.54 £ 0.15 pL/min 2.14 + 0.18 pL/min 12.90 £ 2.03 pL/min
Flow rate (Config 2:2) 2.69 = 0.43uL/min 6.45 + 1.3 uL/min 21.51 £ 2.67 pL/min

# Deformation of half of the stacked actuator layers (15 layers) for the pumping chamber actuators.

For driving voltages above 1200 V, rectangular input signals prove a better deformation of the
stackedactuators. For this reason, the rectangular input signal is chosen for all the following
operations with the micromixer. As mentioned above, when using electroactive polymers, the
highest possible electric field is used without reaching dielectric breakddwis is done to
achieve maximum deformation. Therefore, since rectangular signals show a higher strain than
sinusoidal signals at 1200 and above, they are used for both fluid flow and mixing
measurements.

The next step in the characterization of thécnomixer is its operation as a peristaltic micropump.
For this purpose, complete micromixers are manufactured and electrically connected. Due to the
hydrophobic character of silicone, the material of which the micromixer is made, a solution of
distilled water with surfactants (2@/L) is used.

A rectangular input signal at the maximum electric field before breakdown is applied ) 3@¢th

a DCbias of half the amplitude. The flow rate for this signal at different frequencies, 1 Hz, 2 Hz
and 10 Hz, is s&ed. Two different configurations of the actuation order are used: theal®d
configuration 1:1, in which each stacked actuator is individually on and off after the define phase
shift; and the configuration 2:2, in which two consecutive stacked actaae on and off at the
same time.

As expected, configuration 2:2 provides a higher fluid flow at all tested frequencies. The volume
difference between on and off states of the actuators for configuration 2:2 doubles that of
configuration 1:1. For one ppagating wave, the fluid volume displaced increases in configuration
2:2. Thus, the flow rate increases for configuration 2:2 at least 1.6 times with respect to
configuration 1:1 for the tested frequencieBable4.4 summarizes the main results obtained for

the characterization of the pumping micromixer in terms of deformation and flow rate at various
signal inputs and frequencies.

Finally, the mixing dhe pumping micromixer has been evaluated using direct statistical methods.
MATLAB is used to determine the coordinates in the RGB model of the pixels at the inlets A and B
and at the outlet. The comparison between the theoretical values obtained atutletand the
experimental values proved a 80 mixing of the fluids at the outlet.

These results of the pumping micromixer confirm the goal of this thesis. First, it is possible to
manufacture a pumping micromixer with the layley-layer deposition method and second, the
DESA technology allows the fabrication of complex microfluidic devices. Although the fabricated
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devices meet expectations for a preliminary prototype, the relatively large size of the devices with
respect to their low flud flow encourages the search for pathways to improve the performance of
these devices.

Improvements to the current design of the pumping micromixer are proposed in the next section.
To this end, two routes are chosen: on the one hand, improvements diuiié¢low and pumping
pressure of the system, for example, by encapsulating the micromixer; and on the other hand,
improvements on the mixing efficiency by increasing the contact between fluid layaypdT
pumping micromixer). Moreover, limitations amature perspective of the research are exposed.

4.4. IMPROVED PUMPING DESIGNS AND OUTLOOK

In this section, further experiments and prototypes on the pumping micromixer fabricated in the
previous sections, are proposed. This research focuses on the improveiniet ftuid flow and

back pressure of the previous devices, as well as on the mixing by changing the geometry of the
pumping micromixer. These can be performed upon success in the fabrication oftjipe Y
pumping micromixer. At the end of the section, thnitations and perspectives for this device

are also included.

4.4.1 ENCAPSULATED MICROMIXER

The previous fabricatedtype pumping micromixer is modified here to increase the fluid flow and
the pressure at the outlet. To do so, the same prototype has beed. 0$& improvement consists

in the encapsulation of the device. This means that a rigid layer is added to the top and bottom
layers of the micromixer. It ensures that the fluid channel remains closed when there is no
actuation.

The concept is based on thestriction of the free deformation of the actuators, allowing the
actuator to move more in theé-direction to open and close the walls surrounding the channel.
With this restriction, it is also possible to fully close the channels when the actuatoirsaateve,

in order to increase the pressure and the fluid flow. The inner channel will exhibit no height when
not actuated, in contrast to the 40 um height from the previous micromikegyure4.28(a) shows

a layout of the previous prototype (40 um initial channel thickness) &iglre4.28(b) presents

the working concept of the encapsulating micromixer. More details about the elemeFigume

4.28 can be found in chaptes in Figure3.8.
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Figure4.28: (a) Profile view of the Xype pumping micromixer previously fabricated with an initial channel thickness of 40
pum. (b) Y-type pumping micromixer encapsulated by two rigid PMMA layers on top and bottom of the device.

As mentioned above, due to the layby-layer deposition manufacturing process of the
micromixers, it is not possible to obtain an initially closed channel. The encapsulation of the
micromixer proposed here is done to overcome this issue. By encapsulating the micromixer, an
increase of the fluid éiw and pressure at the outlet are expected. At each propagating wave, the
inactive actuators are closed, not allowing the fluid to move backwards, i.e., inactive actuators
serve as closed valves. The fluid contained in the chambers is always displacets$ tingautlet.

@) (b) (c)

Figure4.29: (a) A schematic of the rigid PMMA frame fabricated to avoid free deformation of the actugb)s.pumping
micromixer with the rigid part on top and on bottor{t) A profile photo of the encapsulated micromixer.

Figure4.29(a)shows a schematic of the rigid part fabricated. It consists ofrarBthick PMMA
surface in which holes have been laser cut to add screws. Seven holes have been cut to separate
each hgh voltage wire. The holes have a diameter of 2 mm and two rectangles, 7.5 x 33 mm, as
windows to favour the heat dissipation of the electrical connections, here directly in contact with
air.

Figure4.29(b) and(c)show the final device set up with the transparent PMMA attached to the top
and bottom layers. The material used for attaching the PMMA to the elastomer layer is a
doublesided Tape 3M96042. Several pumping micromixers were tested with this rigid part;
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however, they have been broken after a short time of operation. During this research, it was firstly
tested with no acceptable results.

The hypothesis for this break is thermal breakdodwe to the loss of heat dissipation or
overheating of the actuators. Fume and bubbles were created in the actuators while voltage was
applied.

Christensen et al[192] performed COMSOL simulations of the thermal breakdown of DESA
varying the number of actuator layers and the diameter of steeck. They determined that if the
diameter of the stacked is large, it is suitable to assume thermal insulation of the cylindrical surface
of the stack. Furthermore, they found out that increasing the applied electric field or the
temperature of the sumundings greatly decreases the number of possible fabricated layers in a
stacked DEA.

4.4.2 T-TYPE PUMPING MICROMIXER

Based on the pumping micromixer already tested and proved, it is possible to develop new
devices. Here, a prototype to increase the mixingcedficy of the pumping micromixer is
manufactured. To this end, a pumping micromixer with a design similar to a pasgmpe T
micromixer is proposed.

As already stated in sectidh 1.1, for the same size and geometrytype micromixers offer a
higher mixing efficiency than thetype micromixer. This is caused by the contact of the fluid
layers at the junction of the inlets. In thetyipe, the flows fom the A and B inlets get in contact
from opposing directions, leading to an increase of the turbulences. Whereas intyipe,Yooth
streams flow in the same direction when they meet.

Pumping Pumping
Champer 1 ~ Valve Chamber 2
Driving electrodes

Inlet
A
[ ] Ground electrodes
] [ ] Actuators
] Mixing
I (| Chamber
-

Outlet A+B

Inlet

() (b)

Figure4.30: (a) Sketch of a proposed active pumping micromixer with-gpe shape. The active mixer is based on the
dielectric elastomer stacked actuato(®) Photo of a fabricated-Type pumping micromixer device.

Due to its geometry, the fabrication of atype micronixer results much more complex than that
of the ¥type. Thus, only the-¥pe was fabricated. In-flype micromixers the two inlet channels
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are straight and the mixing junction has &ofm. In order to keep the &m length for the
actuators, it is necessgatto use a bigger disc size in this new configuration.

The sketch inFigure 4.30(a)shows the different chambers and actuators designed for this
prototype. As for the Xype micromixer, three chambers are necessary. Two pumping chambers
(namely 1 and 2), one for each inlet (A and B), and a mixing chamber plus a single valve. Each
chamber has four actuators of 3 mm x 10 mm size. The electrodes are loodteat the electrical
connections can be simplified for the ground electrodes. As for thg& pumping micromixer,

the electrical connections for this device are designed differently for driving electrodes and ground
electrodes. Driving electrodes areroeected with a single wire per stacked actuator, whereas
ground electrodes are all connected together for the same chamber.

In the layout, both ground electrodes (in dark grey) and driving electrodes (in light grey) are
represented. The area in which gmud electrodes and driving electrodes are superimposed is
coloured in black, representing the actuation area. Thdhdnnel is also drawn in tHayoutwith

a black area. Inlets A and B can be observed, as well as the corresponding outlet A+B.

The phob in Figure 4.30(b) demonstrates that this device can be fabricated with the same
procedure as the one for thetype micromixer. The device in the photo has also PDMS protective
layers and a channel in betweedhe two half 15 actuator layers. The total number of layers for
the actuators are also 30 layers, eachs0 thick. The materials employed for the manufacturing
are the same as the ones for theype pumping micromixer. Unlike thetype micromixer, the
rotatory disc used in this case corresponds to a 75 mm diameter disc. Due to the geometry
requirements of the Ichannel, a larger surface is necessary and therefore, more PDMS material
is needed for the fabrication of this device. The rest of parametides fotational speed,
crosslinking temperature and time, spraying time, etc, are the same as fortipe Ynicromixer,
leading to a fabrication time of approximately 3 hours for this device.

Table4.5: Geometic dimensions for the proposedtype pumping micromixer.

N° of actuators: 15+15
Pumping Chamber

Actuators length 3 mm
/Actuators width 10 mm
Mixing Chamber

Actuators length 3 mm
Actuators width 10 mm
Valve

Actuator length 10 mm
Actuator width 18 mm

Table 4.5 summarizes the most important values of the actuators in thg/pE pumping
micromixer. The dimensions of the micromixamn be further reduced in order to obtain a smaller
device.

Here, it is proved that such a complex device with a high number of stacked actuators and
chambers can be fabricated with the lay®y-layer deposition method. Further investigations in
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terms offlow rate, mixing quality and deformation need to be studied to obtain more information
about the functionality of this device and its potential use.

4.4.3 ARRAY OF MICROFLUIDIC MIXERS

The Ymicromixer prototype fabricated in this work is considered the firgpsfor further
fabrication of diverse microfluidic devices. Within this thesis, it has already been proved that EAP
technology is an appropriate technology for this purpose. Pumping and niixidg have been
already tested.

The technology showed in sémh 4.1.2for the fabrication of stacked actuators has also proved
the capability of fabricating actuators of 1 mm?2 ar€aure4.31(a)shows dayoutof the already
fabricated system as a tactile display by Matydél3] and inFigure4.31(b), a photaf the device

with more details can be observedhis decrease in size geometry of the fabrication procedure
leads to the possibility of increasing the number of inlets and outlets from micromixer devices,
giving the possibility to mix plenty of fluidsarbitrary ways, thus forming arrays for mixing fluids.

Driving electrodes
| ] Ground electrodes
[ ] Actuators

.

(a) (b)

Figure4.31: (a) Sketch of the already fabricated system as a tactile display by Matysefopamghoto of the device where
more details can be observddi93]. For a better understanding of the sketch, ground electrodes, in dark grey, and driving
electrodes, in light grey, have been differently colourd@the surfaces, where ground electrodes and driving electrodes
converge, are coloured in black and correspond to the actuator area.

New fabrication techniques like 3rinting allows the fabrication of the present actuators in a
small scale. Systems likbet ones shown irFigure 4.32 will be reality in the closer future.
Furthermore, due to the advance in the manufacturing of thin layer elastomers anticeles,

the high voltage needed will no longer be a disadvantage for the use of this technology together
with biological samples and for human interaction. As mentioned in sedt@rdriving DEAs at
100V will be possiblda-igure4.32 shows the diverse possibilities offered by an array of four inlets
and one or two outlets.

More ambitiousscenarioscan be thought by combining more inlets and outlets in different
directions within the same device.
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Figure4.32: Diverse possibilities offered by arnray of four inlets and one or two outlets. Ground electrodes (in dark grey)
and driving electrodes (in light grey) have been differently coloured. The areas, where ground electrodes and driving
electrodes converge, are coloured in black and corresporild@ctuator area.

4.5. APPLICATIONS

The application of the pumping micromixer corresponds to a great range of possibilities, from the
chemical industry to the analysis of chemical and biological samples. In the chemical industry, this
device can be used nainly as a micromixer but also as a microreactor. Micromixers play a
significant role in both homogeneolt94]195][196] and heterogeneoufl97]198] reaction.

Microreactors are also useful ihe case of costly substances where no waste is economically
desirable, for example expensive catalyd&@9]. It is possible to test the reaction in a small scale
and save material or investigate plenty of operating conditions like temperature, concentration of
reactants, etc, thus, to determine the most efficient parameters and then extrapolate these
conditions to a macrodevice. Microreactors are also used in the explosives field, where testing
small amounts of explosives reduces the danger of the testing operations.

Micromixers are often used in the analysis of chemical, biological and medical samples. For
example, it is used for the detection of ammonia in aqueous solufid®8]. They also play an
important role in combinatorics chemistry, the synthesis of proteins for drug discq20ay), in
enzyme assay202][203] and for biochemical sensof204]205].

4.5.1LIMITATIONS OF THE MICROMIXER

It is also necessary to point out, not only in which fields pumping micromixers can be used, but
also their limiations. The constraints mentioned here are based on two concepts: materials
interaction and pumping limit.

The pumping micromixer will not be able to neither pump nor mix substances that dissolve the
materials in which the pumping micromixer is based dmsTneans any solvent that dissolves
PDMS, or more specifically, Elastdo$li7670, cannot be used. Mata et §.7] studied the
properties of PDMS for biomedical micro/naystems and studied the possible reactants for
dissolving PDMS. Some of the solvents are summarized by Lee [@D&]. Lee et al. did
experiments to demonstrate the compatibility of PDMS with organic solvents. They considered
the swelling of PDMS in a solvent, the partitioning of solutes between a solvent and PDMS and the
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dissolution of PDMS oligomers in a solvent. Tioemd that the solvents that swell PDMS the most
are diisopropylamine, trimethylamine, pentane and xylenes.

The operating temperature range in which PDMS does not change properties is an important
parameter. In this sense, PDMS is a very suitable matbgaguse it can withstand hundreds of
degrees before starting decomposing. On the other hand, with increasing the temperature, as
expressed in sectiofh.3, a thermal degradation of the actuators and a thermal breakdown are
possible. High voltages with high temperatures favour the breakdown of the actuators.

Reactions that need to be visually monitored, like those using fluorescent substances, cannot be
used with this pumping micromixer due to the materials opacity of the graphite electrodes. Other
transparent electrodes are possible, like those used in theidation of lenses of dielectric
elastomer actuators (for example hydrogels) contairetertrolytethat can work as ionic
conductors to actuate DEA207].

At the moment, the pumping limit is 21 8./min with the possibility to be increadeby simply
increasing the frequency of the actuators or optimizing duty cycle and phase shift of the actuators.
Simulations of this optimization are further studied in chagden this thesis. A higher flow rate

in such a device corresponds to the optzetl phase shift and duty cycle combined with the
resonance frequency of the actuators. When an actuator operates at its resonant
frequency typically in the order of a couple of hundred Hefiiz EAPS, the deformation of the
actuators reaches its maximunihe combination of a high actuation rate at the resonance
frequency and the maximum deformation of the actuators leads to a large increase in fluid flow
compared to other configurations. Reactions or mixing of substances that need less residence time
thanthe time, the pumping can provide for the mixture, cannot be performed with this device.

4.6. CONCLUSION

Herein, the fabrication of a pumping micromixer consisting of DESA is demonstrated. This
micromixer is not only able to mix two solutions, but also to pumgand out the resulting mixture.

In this chapter, it is proved that prototypes of aype active micromixer can successfully be
fabricated using the laydny layer deposition method. The automatic method used here is based
on the spin coating of the diectric layer, thein-situ crosslinking of the elastomer layer and the
spraying of the electrodes as thin graphite layers. The repetition of these steps enables the
manufacture of multiple layers or stacked actuators. It should be noted the complexityeof t
micromixer structure based on a total of 12 dielectric stacked actuators and a channel in the
middle of the device.

In this chapter, the pumping micromixer has been examined. First, the thickness of the layers is
measured. The elastomer layer is 5Qr8 thick and the electrode layer is 98n thick. Then, the
response of the pumping actuators to different input signals and electric fields has been tested.
For driving voltages higher than 1200 it is proved that rectangular signals offer a greater
deformation of the stacked actuators than the same driving voltages with sinusoidal signals. The
maximum deformation obtained corresponds to 36)2% for half the staked actuator layers. This

is reached at a frequency of 1 Hz for a rectangular input sigri@d@tf V with eDCbias half the
amplitude.
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Concerning the pumping, the micromixer has been tested at different frequencies (1, 2 and 10 Hz)
at 1500 V (the maximal voltage, shortly below the electric breakdown of the elastomer), displaying
a maximal flow ratef 21.5uL/min at 10 Hz.

The mixing capability of the device was tested and 86880 % mixture was obtained. The analysis

of these results was done by means of digital imaging. Images are captured while the micromixer
is mixing and the images are afteamds investigated using a MATLAB program. This micromixer
has proven its capability to homogeneously mix solutions. Future investigations on the micromixer
might include mixing different ratios of solutions by only changing the frequency of actuation of
the actuators in pumping chamber 1 respecting to the pumping chamber 2 and synchronising the
frequency of both chambers with the mixing chamber. Within this work, the possibility of using
DESA as a pumping micromixer has been demonstrated. Further measuseimdne pumping

and mixing ranges are necessary to fully characterize the micromixer.

The pumping micromixer, as it is designed, minimizes the apparatus necessary for mixing by
decreasing the number of elements of the setup, compared to classical mi@sn Unlike
rotatory pumps, the proposed micromixer is based on peristaltic movements of its walls, avoiding
the contact with external parts, which may contaminate the samples. Peristalsis involves an
actuation principle where energy is transferred frahe periodic motion of the walls to a fluid
volume. It is the common transport phenomenon in the human body due to the gentle treatment
to the samples. Therefore, the use in biological samples is very interesting, where the stress in
cells may cause the déh or their unusable behaviour. Moreover, DESA micromixers are also of
interest in the analysis of chemical, biological and medical samples, due to the biocompatibility
[208][174] of the used materials (PDMS and graphite).

Parallel to this work other technologies have been used to fabricate thinner stacked DEAs and
therefore with the need of a lowedriving voltage. Examples of these techniques are 3D printing
techniques[62][209] and dip coatind210], with a very high range of applications like artificial
muscles, tubular DEArfe@nergy harvesting acting as buoys. Poulin gRall] 3D-printed a 3um
dielectric menbrane and reported 7.%0 strain at 24%. Afterwards, McCoul et g212]from the

same research group improved the method to allow inkjet 3D printing of UV curable DEAs. The
advantages of 3D printing DESA are the thinner membranes created and the possibility of
fabricating complex gpmetries. Regarding stacked actuator, each layer can be differently
manufactured by only changing the parameters of the@Dter and even introducing passive
elements that can be afterwards removed from the structure, for example, dissolving tleq.

et al. [210] developed an automatic fabrican method for manufacturing tubular DESA of 10
layers of 100nm length.Ji et al[213]introduced the prestretch for micréabricated DESA based

on the LangmuiSclaefer method to increase the actuation ratio. They fabricated guin4hick
prestretched PDMS membrane and reported abo@b 4train at 10¥.

These studies provide unique contributions for miniaturization of DEAs and reducing the operating
voltage of DBs to subkV ranges. Using these technologies, the fabrication of biocompatible
pumping micromixers able to operate at low voltages seems to be a reality in the near future.
Furthermore, these technologies will also help in the miniaturization of the egasixer,
allowing it to get into the micro level and be more competitive. At the end of this chapter, different
approaches for new prototypes and mixers have been proposed.
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5. SMULATIONS WITH THE PUMPING MICROMIXER

In this chapter, the Yype pumping micromixer explained in chapgand fabricated in chaptet
is studied using COMSOL Multiphy&Msdelling Software.

Firstly, the deformation of thetackedactuator layers under an applied voltage is examined. Then,
the fluid dynamic behaviour of the pumping chamber actuators is analysed at different duty cycles,
phase shifts and frequencies. Finally, the pressure at the outlet of the channel in the pumping
chamber is determined, in order to have a full vision of\tkesatility of the pumping micromixer.

5.1. DISPLACEMENT VERSUS ELECTRIC FIELD

The modelling of the pumping micromixer helps to understand the behaviour of the dielectric
elastomer stacked actuators, including their deformation and influence on the fluid channel.
COMSOL Multiphysi@Modelling Softwarés used for simulating the device performance.

Within this softwaredifferent multiphysics modules are used for dielectric elastomer actuators:
the electrostatic module to calculate the electrostatic force applietheoactuators, and the solid
mechanics module to determine the deformation or displacement of the actuators. The
electrostatic module is coupled to the mechanical structure module (solid mechanics), in order to
evaluate the electrostatic pressure exertexh a DEA sandwiched between two compliant
electrodes, according to the Maxwell pressure equation (Eq.1.1). In the mechanical structure
module, a hyperelastic model is used.

Pumping Micromixer Profile Simulation Profile

30 layers stacked actuators 1 single-layer actuator

A
P
1 stacked actuator
of 30 single-layers

Figure5.1: Simulation geometryOn the left, a sketch of the fabricated pumping micromixer consisting of 12 stacked
actuators of 30 singHayers, each with a thickness of ith. On the right, the simulated geometry in COM$SAQiltiphysic$.
The device consists of 12 sinddger actuatos with a thickness of 750m.

For the purpose of simplifying the simulations, instead of multiple layers, each stacked actuator is
considered as a single layer capacitor, whose effective capacity is determined by the contribution
of each layer in itstack. Thus, one single layer with the thickness of the total amount of layers is
evaluated. The total thickness of the actuators is then [f&0for the top part of the device and
750um for the bottom part.Figure5.1 shows a sketch of the considered geometry for the study

in COMSOMultiphysic§. On the left, a profile sketch of a full pumping micromixer and on the
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right, the considered model. To simplifhe calculations, only 15 layers are simulated (half of the
device).

For a more precise modelling of the actuators, the properties of the materials for the pumping
micromixer are the same as those of the fabricated micromixer,ElastosftP7670PDMSrom
Wackef, for the dielectric and the passive layers, and M¥9,5-99,9E graphite powder, for the
electrodes. The basic properties of these materials are summarized in s&fd% more
specifically inrable3.3.

5.1.1. MODULES AND PARAMETERS

The modules used in COMS@Ultiphysics, asmentioned before, are the electrostatics and solid
mechanics. The electrostatic module is configured including the ground, terminal and force
components. The bottom layer electrodes are considered as working electrodes and the top layer
electrodes act asrgund electrodes.

The first assumption made in the COMSRUltiphysic® geometry, the stacked layers are
considered as a single thick laykrads to a change in the electric field applied to the dielectric.
Thus, the applied voltage to get the same defation corresponds tm times the voltage applied

to one-single layer actuator, whene is the number of layers of the stack. In this particular case,
that voltage corresponds to 1500 V x 15 lay@2.5 kY for a 750um thick onelayer capacitor
(half thethickness of themicromixed). Null passivation due to the electrode rigidity is assumed.
The main electrical properties used for the simulations are summarizédhle5.1.

Tableb.1: Parameters used in the electrostatic module.

Parameter Symbol Value
Relative permittivity G 3
Terminal electrodes voltag¢ Vr 22.5 kv
Ground electrodes voltage| Vs oV

The electrostatic pressure exerted on the dager actuator is calculated by the electrostatic
module, based on the Maxwatressureequation (Eq 1.1). Then, this pressure is consequently
added as an input value to thelgbmechanics module to determine the deformation of the layer.

In this study, the dielectric material is assumed as an incompressible hyperelastic solid, since the
elastic effect is predominant compared to the visglastic one. The stress state in thgolerelastic
material is determined by taking the derivatives of the strain energy density with respect to the
strain components.

The MooneyRivlin hyperelastic model with five parameters is used for the simulation. The strain
energy function of MooneyRrivin hyperelastic constitutive model is explained in detail in section
1.2.1A. Here, equation 1.26 is used to obtain the valuegedbrmation of the elastomer.

Former colleagues in the department have previously investigated the mechanical properties of
the dielectric material, PDM&lastosft P767Q and have fitted the measured points to the
hyperelastic model of Mooney Rivlin fové parameterg214]. These values, summarizedliable

5.2, are used in the solid mechanics module to determine the deformation oftaekedin all
directions.
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Tableb.2: Parameters used in the solid mechanics module for hyperelastic model of Mooney Rivlin 5 parameters.

Parameter Symbol Value

L 2dzy3Qa az2R(Y 165 kPa
t2Aaaz2yQa Nlv 0.49
Hyperelastic MooneyRivlin: 5 parameters
Incompressibility d 0
Constant 1 Co 31357 Pa
Constant 2 Co1 1138.7 Pa
Constant 3 CGo 2174 Pa
Constant 4 Go2 1044.9 Pa
Constant 5 G -3718.1 Pa

5.1.2 DISPLACEMENT RESULTS

Displacement simulations with respect to the applied voltage wendormed. As expected, the
highest electric field reveals the greatest deformation and thus larger area expansion and
thickness contraction.

Figureb.2 shows the 3D plot obtained from the solid mechanics module. The displacemenyt in
andzis plotted for half thestackedactuator layers. The maximal displacement obtained inzhe
direction is 148m, while in thex and y axes are 23m and 41.5um, respectively. Due to
symmetry, thed-axis deformation of the full deviceis double thesimulated deformation. As
mentioned above, only half of the micromixer is simulated.

Volume: Displacement field, X component {(um} Volume: Displacement field, Y compenent {(pm) Volume: Displacement field, Z component {pum)
40
140
30
15 120
20
100

30
60

10 > 20 40

-15 30 20

-20
40 ||y o

(@) (b) (c)

Figure5.2: Displacement irx, y and z direction of half a pumping micromixer using both the solid mechanics and the
electrostatic module in COMSOL Multiphy&i¢a) Corresponds tdhe displacement field in thg-axis,(b) to the y-axis and
(c)to the z-axis. The colour bar, from blue to red, shows the displacement figlchiof the actuators according to the axis
they represent.

The upper wall of the channel shrs & wmny >Y A y-digctidh B8 thé ibtiork pakt & S
of the channel mogs148um into the negative direction of the-axis. The channéhcreases’.4
times in height with respect to the initial height of the channel o4

Experimental measurenms of the deformation of the dielectristackedactuators (half of a
fabricated pumping micromixer) showed a maximal displacement of 48.5n z-direction,
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holding a DC voltage of 1500 V for 30 seconds. More details about these measurements can be
foundin sectior4.2.3

Upon comparison of the theoretical and experimental resultdleformation ofthe dielectric
stacked actuators, a considerableapancy was observed. The simulations indieat increase

in displacement by a factor of 3.65, as compared to the experimental results. The reasons behind
this deviation could be attributed to several factors, such as the rigidity of the electrodes, non
electrically connected layers within the sta@nd the presence of protective layers above and
below the stack actuator, amorahers.

In terms of the rigidity of the electrodes, the simulations do not account for the presence of
graphite electrodes. Instead, the simulations assume pure deformatioth® hyperelastic
material, driven solely by its elastic properties. As previously noted, the stacks comprise layers of
hyperelastic material with a thickness of 50 um, sandwiched between two layers of 1Bigknm
graphite electrodes. The hyperelastic redal, PDMS Elastd%iP7670, possesses a Young's
modulus of 165 kPa, while the graphite electrodes exhibit a Young's modulus of approximately 10
GPd175]. The significant difference in elasticity between the two materials underscores the need
to considerthe passivation generated by the electrodes when simulating stack deformation.

In a previous study conducted by our research gitdp], [193] the influence of the ratio
between film thickness and electrode thickness on the final deformation achieved by stack
actuators was investigated using the same materials as in this thesis. Dielectric thicknesses of 20
pum, 10 um, and 5 pum were evaluated with a range of electrode layekribsses between 0{im

and 10 um. The results show that the maximal stack deformation is approximately 10%.dor 10
and 20 um film thicknesses with a dielectric thickness between 0.1 um and 1 um electrode
thickness. For thicker electrodes, the deformatidecreases, reaching a minimum of 5% for 10
pum and 7% for 20 um film at an electrode thickness of 10 um. In the casepohdtick film, the
deformation follows avery pronounced negative slopéeading to a 10% deformation at an
electrode thickness ofD.1um and a 3% deformation at an electrode thickness ofurt0
Therefore, ths researcttoncluded that for optimal stacking actuator performance, the electrode
thickness should be less than 10% of the dielectric film thickness, preferably closer to 1%.
However, in this thesis, the electrode thickness is 20% thinner than the dielectric film thickness.
This electrode thickness was required to manufacture functional devices, as the stack layers were
not electrically connected when thinner electrodes were used

In their study{175], [193] a relationship between the normalized stack deformation and the ratio
of electrode thickness to film thickness was establisiHte normalized stack deformation is
defined as 100% when the deformation of the stack with and without electrodes is the same, and
50% when the deformation of the stack is half of that of the actuators without electrodes. For a
film thickness of 50 um andn electrode thickness of 10 pum, corresponding to a 20% ratio of
electrode thickness to film thickness, the normalized stack deformation was found to be 85% of
the stack deformation based on their calculations. Therefore, the simulations performed in this
study should shownly 15% higher deformation value than the experimental values.

Additionally, based on the investigation described above, the graphite electrodes with a Young's
modulus of 10 GPa should have a ratio of electrode thickness to dieldutkmess of 110% to
achieve a passivation of 3.65 times lower deformation of the stacks. This means that the electrode
thickness should be 55 prespite the thinness of the electrode layers and their graphite powder
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based composition, they still offergsiificant resistance to the dielectric, however, this factor
alone caronly partiallyexplain the difference between simulation and experimental results.

The simulated case presented in this work assumes an ideal case wherein all the layers are
interconneded and operating at their maximum capacitive potential, while disregarding the
impact of protective layers located above and beneath the electrodes that only deform under the
influence of the active layers. These protective layers, nevertheless, alsabcatto the
passivation of the actuators. Based on the discerned impact of the stiffer electrodes on the overall
deformation, it can be inferred that the passive layers' contribution to the deviation in the
experimental and simulated results is minim&lence, other aspects associated with the
hyperelastic model used in the simulations, such as the parameters or boundary conditions,
necessitate further investigation to identify the root cause of this deviatiore to time limitation,

this discrepancy wasot further studed. From this point on, the experimental values of
deformation will be used for future simulations of the fluid flow and pressure of the devices.

The pumping micromixein this thesisoperatesin two states: 1) the actuators are off anket
channel is partially opened (40n height, caused by the fabrication process) anth2)actuators

are on and the channel is opened with a height equal to 40 um plus the deformation of the
actuators in thez-axis. In both states, the channelapened and thus, while changing from state

2 to state 1the fluid is able to flow backwards. From this point of view, it is important to perform
various simulations to determine the actual flow that ideally can be achieved within these
conditions.The folowing section provides a study to perform simulations of pumping micromixers
out of electroactive polymers in terms of fluid flow and pressure.

5.2. H.UID DYNAMIC CHARACTERIZATION

In the following simulations, only the pumping characteristics of the pumpirggomixer are

under study. No mixing is characterized. Moreover, the complexity of the whole geometry of the
device makes it very hard to simulate the system as it is. Here, only the pumping chambers are
studied. Actuators are smaller in the pumping chamti&n in the mixing chamber. Thus, the
volume difference in the channel between the active and inactive state of the actuators is smaller
in the pumping chambers than in the mixing chambers. Hence, the pumping chambers are the
bottle neck for the fluid flav. In this section, the flow in the pumping chambers is calculated and
simulated which is equivalent tohe half of thefluid flow of the full system.

The fluid dynamic characterization requires the use of the following modules in COMSOL
Multiphysic$: the solid mechanics, the laminar flow, and the fluid structure interaction module to
combine the results from both modules.

Since the simulated deformation of the actuators shows a great variance with respect to the
experimental one, the experimental valuetthe deformation are used to obtain more realistic
fluidic calculations. The deformation of half a micromixer in girection is set as the one
corresponding to a rectangular signal at 130tamely 36.95m height change (see sectidt.3

for more details).

To simplify the modelling of the fluid flow, a 2D axisymmetric model is used. Thesewigm
geometry of the channel is changed from rectangular to circular. Table 5.3 shows the geometry
change and the corresponding channel values. Symmetry conditions help to reduce the number
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of variables that need to be defined initially in the program. In addj the simulation is solved
more quickly and more accurately.

Tableb.3: Simplifiedmodel from rectangular crossection channel (real) to circular cressction channe{simulated).

.........
o .
o

b De *
>3
a T X
Rectangular crossection (state 1: off) Circular crosssection (state 1: off)
ais the width of the actuator (6 mm) De1is the equivalent diameter for state 1 (34@n)

bis the initial height of the channel (40 pm)

Rectangular crossection (state 2: on) Circular crossection (state 2: on)
ais the width of the actuator (6 mm) De2is the equivalent dimeter for state 2 (6521m)
b corresponds to the height of the channel. Here, the initf Diameter diff. (state 2 state 1)=312 um

channel height plus twice the deformation of half the micromix
(40 pm+2 36.95um=113.9 um)

To obtain the same results as for the rectangular chanthel,Huebscher equation is used to
calculate theequivalent diameteiO of the channel (Eqg. 2.2, secti@nl).

By introducing the size values of the pumping chamber i8.Eghe equivalent diameter for the
passive sta of the channel (state 1), and also for the channel when maximal voltage is applied
(state 2), are calculated. The equivalent diameter is|3#for the passive state, (when no voltage

is applied), and 65@m when maximal voltage is applied fociecular crosssection. Thee values

are summarized in Table 5.3.

5.2.1.30LID MECHANICS MODULE

The geometry used in the solid mechanics module for the fluid characterization of the micromixer
is a 2D axisymmetric model, using the previously calculetgivalent diameter.

The solid mechanics module is configured including the force needed in each actuator to provide
a displacement of 156m. Both inlet and outlet of the channel are included in the solid mechanics
module. The boundary conditions used tbe solid mechanics module are:

126



- All edges of the device that are not in contact with the actuators are considered fixed or
rigid. These edges are shown in blué-igure5.3(a).

- The rest of the geometry is considered free of movement, except for the edges of the
actuators.

- The displacement of the actuators is described by using the function boundary load. Each
actuator has its own boundary load condition

Figure5.3(a)corresponds to the geometry under study. The 2D axisymmetric model is drawn. In
the x-axis the height irmetresof the device is represented, and in tlgeaxis its length, also in
metres In the x-axis, the equivalent radius of the channel and the equimaladius of the
actuators are visible. The symmetry axis of the device can be observed as a dashed red line, for
r=0. Blue edges represent the boundary conditions for the solid mechanics module, defining these
zones as rigid parts. The geometry betweee thlue lines correspond to the actuators. Four
pumping actuators are simulated here. For clarity, a zewsketch of the width of the system is
representedin the same figure The equivalent radiui., define as the half of the equivalent
diameterDe, isshown for the two states: on and off.

For the coupling of the solid mechanics module with the fluid dynamics module, it is necessary

that the solid mechanics deformation is done as a boundary load over time and not as a sudden
displacement of the full actui 2 NX» | KA IKf & &aY220GK 02dzyRFNEB f 2
implemented.

The boundary load over the actuators is defined as a function of the distance in the electrode.
Figure 5.3(b) shows the deformation with respect to time for an actuatdn the xaxis a
hypothetical time iddrawn, from-1 until 2 seconds. In thg-axis, a hordimensional parameter

for the length of the actuator is shown. In taeaxis, the step function from O until 1 is shown for
the boundary load. In this particular example, at 0.5 seconds the maximal deformation on the
centre of the actuator or at 1.5 mm is shown. The colour bar shows the change in deformation for
the step function, from dark blue (0 displacement) until dark red (#@isplacement or 1).

The total solid deformation is obtained by multiplying the force applied to the actuators by the
load function in time leading to a slightly smoothed signal for the defolmnadif the actuators
with time and length.
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Figure5.3: (a) Representation of the geometrb) Step function for the calculation of displacement of the actuator.

The load inputs in theolid mechanics modules are based on rectangular signals with a time
dependency. The time steps are3l@nd 1¢*s for higher frequencies. For each frequency, at least
every 1 ms a data point is obtained. The simulations start from 0 s and run sriigit he lower
frequencies and 1s for the higher ones.

5.2.2 AMINAR FLOW MODULE

Laminar flow module helps to understand the change in velocity and pressure for fluids at low
Reynolds numbers. The conservation equations are used for these simulations (morg idetail
Appendix A) for a single phase of homogeneous composition in a continuum level.

The conservation equations of mass (continuity equation), of momentum (Newton’s second law
or NavierStokes equation, motion equation) and of energy (first law of therymagnics or energy
equation) provide information about the velocity, the pressure and the temperature field. Other
properties can also be deduced from the previous ones like viscosity, density, enthalpy, etc.

The fluid is considered to be incompressiblatiaily at room temperature and at atmospheric
pressure. Due to the very laminar regime of the system, or very low Reynolds number, no
turbulences are added. It is considered a fluid flow profile where the fluid velocity at the wall is
null. For the laminaflow module, water was chosen as the liquid to be pumped.

Both inlet and outlet are designed as open boundary, so fluids can flow in and out of the system.
Moreover, both parts can allow reverse flow. In the case of peristaltic pumps, reverse flow is
important because a progression and regression of the fluid is common for each step. Disregarding
the back flow will lead to a fully mistaken simulation. Initially, the fluid is considered to be static.
Only the inside part of the channel is subjected to ld@inar flow.
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5.2.3H.UIDSTRUCTURE INTERACTION

The FluidStructure Interaction Multiphysics interface combines fluid flow with solid mechanics to
calculate the interaction between the fluid and the solid structure. The solid mechanics interface
models the solid while a singlephase flow interface modslthe fluid. The Fluibtructure
Interaction coupling appears on the boundaries between the fluid and the solid.

Depending on the precision expected for the modelling or the influence between the laminar flow
and the solid mechanics, it is possible to consider their effect on each other. In these simulations,
fully coupling isonsidered to benore effective and provides more relevant information. On one
hand, it is clear that the deformation of the actuatoestls to the filling of the channel chamber
with the fluid. On the other hand, when the actuator gets in-sttite, it needs to have enough
stroke to push the water to the next chamber and also backwards. Ideally, the coupling of both
will help to evaluatevhether the force of the actuator is sufficient for pumping or not.

5.2.4DEFINITION OF MESH

Choosing a right mesh for modelling a system is quite important in general, but it increases its
importance when two multiphysics modules are interacting with each otimethis case, the fluid
dynamics module is applied inside the channel, which requires a very precise meshing. The solid
mechanics module covers the whole geometry and does not require a fine mesh.

Three different mesh systems are considered in this Etan. First, the inside channel mesh,
which corresponds entirely to the laminar flow module. Free triangular mesh with a fine
refinement has been used for this section. Free triangular mesh is interesting in applications of
high aspect ratio because trigular mesh is a quick and simple way to obtain meshes of high
element quality that cover very different geometries.

Secondly, boundary layers are implemented. These layers connect the solid mechanics module
with the laminar flow multiphysics module the solid/liquid interface Thisinterfaceis composed

of free triangular and mapped layers, also in fine mesh refinement. Mappeshes can be
particularly powerful for 2D simulations because they provide extremely good control over
element size, quality,ral growth rate since all elements possess the same geometry and size. The
term mesh quality refers to a dimensionless quantity between O and 1, where 1 states for a
perfectly regular element, and O represents a degenerated element. The growth rate cftaisne
defined as the change in element size from one element to the size of its neighbours. In order to
get accurate results, the growth rate should be small.

Finally, a free triangular mesh covers the surface of the wall, for the solid mechanics aahsulati
with a fine refinement. As it can be observed, it increases the triangular geometries from the
channel until the outer part of the actuators.

Figure5.4 shows a plot where the chosen mesh is drawn for a zoomed section of the device. As in
Figure5.3, x-axis represents the equivalent radius of the device. The red dashed line in r=0
represents the symmetry axis. Tia@xis displays the length of a part of the device. Here the edges
of the channel are drawn in blue to distinguish the areas between the icimennel and the outer
channel.
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As it is depicted ifrigure5.4, the size of the triangular mesh varies with the channel thickness.
The closer the triangles are to the seliquid interface, the smaller the triangles are. Therefore,
the larger the radiusf the walls, the larger the mesh geometries.
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Figure5.4: A zoomedn view of the mesh resulting from the physiesluced meshing sequence for the peristaltic model:
channel on the left (within blue edgeahd wall on the rightThree different mesh systems are considered in this simulation.

For the inside channel, a free triangular mesh with a fine refinement has been used. Secondly, a boundary layer which
connects both interfaces, solid mechanics and tanilow. This section is composed of free triangular and mapped layers,
also in fine mesh refinement. Finally, a free triangular mesh covers the surface of the walls with a fine refinement, which
increases the triangular geometries from the channel uhelouter part of the actuators.

Both geometries for the inner channel and the channel itself in the laminar flow module are solved
based on a freely moving deformed mesh, in order to vary when the equivalent diameter gets
bigger due to the deformation dhe actuators. Based on the main properties of PDMS, the change

in shape is controlled bysing a hyperelastic smoothing. On the sdlid dzA R 06 2 dzy Rl NB I
inner wall, the moving mesh follows the structural deformation.

It is possible to get morecaurate simulations with a finer mesHowever,as the simulations of
these sections are timbased and the number of calculations required for the three modules is
quite high, a compromise between mesh size and calculation time needs to be taken.

A proof of the mesh quality is performed bgmparingsimulationswith coarse, normal and fine
mesh refinements. Simulations have been performed iz with a 0.5 duty cycle and 90° phase
shift with a variable mesh size. The fluid flow and the number of elements have been studied.

As depicted imable5.4, thetotal number of mesh elements increases with the mesh refinement.
The number of elements in the channel increaapproximatelytriples when usinga fine mesh
compared to a coarse mesh. In addition, the average element quality achieved increases with
increasing refinement. As stateabove the element quality is a value provided by COMSOL
Multiphysic&that defines the homogeneity of the individudeenents in a mesh. This ranges from
0to 1, with 1 being a perfect element. In the simulation, an average value of 0.836 element quality
has been obtained for the fine mesh refinement. Coarse and normal meshes provided a slightly
lower average element qui&}. The flow rate obtained by the simulations between coarse, normal
and fine has also been evaluated. Values of 18.611, 18.897 and 18.865 pL/min were qbtained
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respectively. Here, no significant differences between normal and fine refinement are detected
The deviations are minimal and only the second signififignte varies. Both normal and fine
refinement could be used for these simulations. However, to ensure the quality of the simulations
for other duty cycles, phase shifts and frequencies, finmesfient is used to have a larger number

of elements within the channel.

Table5.4: Mesh refinement test. Coarse, normal and fine mesh refinements are investigated.

Elements in the
. Total number of inside channel: Average element .
Mesh refinement elements Lalit Flow rate (uL/min)

Triangles/Quads q y

Coarse 7711 2842/824 0.833 18.611

Normal 11495 4206/1054 0.834 18.897

Fine 16535 6818/1326 0.836 18.865

5.2.5RESULTS

The simulated peristaltic micropump consists of four actuators located along a channel and driven
by smooth rectangular signals with a particular sequence. Rectangular signals are preferred due
to the higher deformation obtained in the experimental measuents (see sectiod.2.3. The
general parameters that quantify the pump performance are the maximum flow tar(d the
maximum pressure that came generated between the pump inlet and outl& ¢alled the pump

head).

Given a number of actuators, parameters such actuation frequency, phase shift, response time
and the volume that is moved, determine the performance of the pumping system. Time
dependent measurements are performed at different frequencies to obtain a fluid flow and a
pressure of the fluid after the actuation takes place.

A. Flow rate

In this first simulation at constant frequency, the phase shift is defined as half of the actuation
time, or in other words, the second actuator starts its actuation at the middle point in time of
actuation of the first actuator 3f 90°). Multiple duty cycle® from 0.25 until 0.67 are
simulated. This configuration is named configuration 0.

Configuratian O:

The first simulations performed are at a constant frequency of 2 Hz. The representation of the
flow rate Qin the y-axis versus the duty cycl2in the x-axis leads to a parabolic profile, shown in
blue inFigure5.5(a). The parabolic fit function for 2 Hz is:

()]

o ) ® CPEO® TmEInTmY Eq5.1
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with a regression coefficient ofPR 0.9947. The parabola maximum point states a maximum flow
rate at duty cycle of 0.3447 of 36.¢2/min, when the phase shift coincides with half ertuation
time. At 0.6895 duty cycle the flow rate is again O.

In the same way, if the results obtained with the same simulation parameters but a constant
frequencyof 20/3 Hz or 6.67 Hz amnalysed(red plot inFigure5.5(a)), the resulting parabolic
function is:

0 g X o&y & vog YS T T X Eqg5.2

with a regression coefficient d®? = 0.9923. For this particular case, the maximum flow rate is
93.67uL/min at a duty cycle of 0.3478, when the phase shift coincides with half the actuation
time. Using the parabolic equation, at 0.699 duty cycle the flow rate is aNoté that the duty
cycle at which the maximum flow rate is obtained and the duty cycle at the minimum flow, only
slightly differ to those obtained for 2 Hz.

*
80 1 °2Hz \

Q=-763.35D + 532.48D + 0.8067 N +6.6Hz b
60 1 R?=0.9923 - !
R ’/»" ~ Frequency
/ e .
40 A / // NS
Y —

20 A *
Q=-308.13D? + 212.46D - 0.0007
R%=0.9947

»

Flow rate

Flow rate Q [pL/min]

.
>

Duty cycle
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Duty cycle D

Figure5.5: (a) Simulated flow rate versus duty cycle at constant frequencies for 2 Hz in blue and 20/3 Hz ldz th62d.
Duty cycle varies from 0.25 until 2/3. The phase shift was determined as half the actuation time of tleipestuator or
90°. A parabolic behaviour is observ@u).Expected behaviour of the dependency of the flow rate and duty cycle at different
frequencies.

Both 2 Hz and 20/3 Hz (6.67 Hz) graphs present the same parabolic behaviour. Curves start at duty
cyde 0, but do not end at duty cycle 1. This behaviour is obtained for this particular case of the
phase shift. Within this configuration, one actuator will turn on only when the previous actuator
achieves the centre of its actuation time. For low duty cychldthough the time of actuation is

very short, the actuators open and close with a peristaltic motion, meaning that not all the
actuators are simultaneously on or off. In the case of high duty cycles, the actuators stay on for
very long times, leading feeriods when the majority of the actuators are open, or in other words,

a propagating wave is not created and thus there is no net pumping. Details of both extremes
(very low and very high duty cycle) can be observed in detkibure5.6.
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Configuration 0: Very low duty cycle Configuration 0: Very high duty cycle
AN | 1 1. | L T L
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Figureb.6: (a) Configuration O for very low duty cycle (1/8) aftj configuration O for a very high duty cycle (7/8).

In Figure5.6(a)an example of a very low duty cycle (1/8) is shown, whilEigure5.6(b) a case

with a very high duty cycle (7/8) is displayed. The first 3 actuation cycles for the 4 stacked actuators
in the pumping chamber are represented. Colour sections belong to the amtutithe when
actuators are in osstate. Red colour represents the first actuation cycle for each actuator, light
blue the second cycle and yellow the third cycle. The propagating wave in the low duty cycle lasts
a short period of time and the actuators areoff-state for a long period. Meanwhile, for the high

duty cycle the red propagating wave coincides in time with the blue one. The second, third and
fourth actuator are still on during the first propagating wave when the second propagating wave
starts,leading to a coupling and as a result there is no separation between one and other. Since
there is no period where the channel is closed during a propagating wave, no net pumping is
expected.

Similar behaviour to that shown for 2 and 20/3 Hexpected fo lower and higher frequencies

with these parameter configurations. The parabolas start at O duty cycle, getting a maximum flow
rate at approximately 0.35 duty cycle and ending at approximately 0.69 duty cycle. Pattern replicas
for different frequencies & expected, with parabolas with steeper slopes in the case of higher
frequencies and lower slopes for smaller frequencies, as shown in the schéfigriie5.5(b).

In the previous chapter, the fluid flow in the pumping micromixer was tested in two different
configurations, namely 1:1 and 2:2. In configuration 1:1, steckedactuators are activated
individually and sequentially with a rectangular phas#jle in configuration 2:2, twstacked
actuators turn on and off at the same timalso with a rectangular input signal. Experimental
measurements of the pumping micromixer, described and analysed in sedtif, were
performed with a 0.5 duty cycle and a phase shift of 90°. The simulations of configuration O were
also done with a phase shift of 90°.

Table 5.5 compares the values obtained both in simulations and experimentally. Only the case of
the configuration 1:16 Experimental 1:4 is used herebecause its parameters match those
simulated. The experimental values obtained for the fluid flow in the previous chapter correspond
to twice the values included here. This is due to the fact that in the simulations only one fluidic
inlet is considered.
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Teble 5.5: Comparison between Experimental 1:1 and simulation results for configuration 0 in terms of flow rate.

Flow rate (uL/min) 3
Phase shift| Duty cycle Frequency Absolute Relative
(Hz) ) ) B error error (%)
Experimental 1:% Simulation
1 0.27 18.86 18.59 6885
90° 0.5 2 1.05 29.20 28.15 2681
10 6.45 103.65 97.2 1507

#Only half the fluid flow is depicted here.

As it can be seen in the table, there is a large deviation betweeredperimental and the
simulated values. The flow rate in the simulations is approximately 20 times higher than that
obtained experimentally. Both absolute and relative errors are added in the table for better
comparison of deviations at each frequency.

The® deviations obtained between simulated and experimental measurements can be attributed
to the ideal conditions imposed in the simulations.

Some of these ideal conditions are, for example, the measurement of the fluid flow at the outlet
of the micromixer ad the deformation of all thetackedactuator layers. In simulations, the fluid
flow is measured right at the micromixer outlet, but in experimental measurements the fluid flow
is measured in the reservoir. This means that the fluid has to flow through a tube into the reservoir
with the resuting pressure loss due to the length of this tube. In other words, there is an extra
resistance due to the transport of the fluid into the reservoir, which results in a loss of both
pressure and flow rate. In the simulations, all actuator layers are defdria single layer with the
thickness of the individual layers is considered and the corresponding voltage is applied to it. In
the experimental case, although the number of connected layers gtacked actuator is
determined individually before insertirte fluid, it cannot be guaranteed that during the process

of measuring the fluid flow all layers of the actuators are still electrically connected.

Although there are large deviations between the simulations and the experimental results, the
simulations povide relevant information on the best performance conditions of the pumping
micromixer. An example of this are the curves showRigure5.5, which dtermine theoptimal

duty cycle at a constant phase shiih this case 90° to obtain theaximalfluid flow. These
simulations prove that the experimental flow rate obtained with 0.5 duty cycle is naigtienum.

The simulations determine a flow rate féifence of approximately 2@ between duty cycle 0.35

and duty cycle 0.5. Thus, higher flow rates can be achieved with the pumping micromixer with a
duty cycle of 0.35 and a phase shift of 90°.

The following simulations were done under three different igurations, where duty cycle and
phase shift were changedable5.6 summarizes the main parameters used in each case.

Table5.6: Summary of the three simulated configurations

Configuration Duty cycle Phase shift

1 0.5 45° or 1/8 cycle
2 2/3 120° or 1/3 cycle
3 0.75 90° or 1/4 cycle
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Configuration 1:

The first configuration has a duty cycle of 0.5 and a phase shift of 45° orFig8re
5.7(a)represents the configuration for a better visual understanding. The first 3 actuation cycles
for the 4 stackedactuators in the pumping chamber are represented. Colour sections belong to
the actuation time when actuators are in-@tate. Red colour represents the first actuation cycle
for each actuator, light blue the second cycle and yellow the third cycle.

Configuration 1 Configuration 2

1§ 1§

Actuator on

%1. - [TTT1 [TTTI T _— LT - actuatoroff
oo |“ENEE_PORPL__ITTT o Sl LT
o mmm__pER__TTT e I o T
54| EEE__FEL__ITTT s B B o B e
| Time Time
(a) (b)
Configuration 3
1/f

5 | NN STELTT L

2| LT

£ M EEELITTL

& 4 . T

()

Figure5.7: (a) Configuration 1 with a duty cycle of 0.5 and a phase shift of (@»Configuration 2 with a duty cycle of 2/3
and a phase shift of 45(c) Configuration 3 with a duty cycle of 0.75 and a phase shift of 90°.

Simulations at various frequencies are performed under the parameters previously explained.
These frequencies are 1, 2, 5, 6.67, 20 and 200 Hz. Simulations are performed for the lower
frequencies, which have also been experimentally tested, as well foehigequencies. Higher
frequencies are simulated to elucidate the full working capacity of the peristaltic pump from very
low limits to very high.

The laminar flow module provides information about the fluid velocity veot¢components in

both radialdirection (1) andlongitudinal directioralong the channdl)) and its pressur@. More
details about the velocity vector in a circular section are found in Appendix A. The volumetric flow
rate win m’/s at a timet is obtained by a boundary integral @vthe channel’s inlet and outlet
boundary:

@ gD Qi Eq5.3
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() ¢“ 1€ D Qi Eg5.4

wheren s the outwardpointing unit normal to the boundary is the velocity vector, anglis the
boundary coordinate, along which the integration is done.
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Figure5.8: Inlet and outlet flow in rffs as functios of time. Volumetric flow rate at the inlet of the channel (in blue) and at
the outlet (in green) for the configuration 1, at 1 Hz, 0.5 duty cycle and a phase shift of 45°. Positive values intlitete tha
fluid is flowing into the inlet and out of theutlet.

As a representative illustratiofrjgure5.8 shows results about the volumetric flow rate at the inlet

of the channel (in blue) and at the outléh green). Results are taken for the configuration 1, at
1Hz, 0.5 duty cycle and a phase shift of 45°. Positive values indicate that the fluid is flowing into
the inlet and out of the outlet, or that the fluid is travelling as desired. When for ayaleche
difference between positive and negative values is positive, the pump is correctly pumping. If the
difference is negative, it means that the fluid is moving backwards, and a null difference states for
a null net flow of the fluid.

If one completecycle is considered for the analysis, the accumulated flow is obtained as the mean
value between the inlet and outlet flow, as it can be observe#&igure5.9 for 1Hz. In blue, a
positive accumulated flow at the outlet is observed. In the same figure in green, the volume
conveyed is represented. The volume conveyed is defined as the accumulative outlet volume.
During the first cycle, due to the difference of pressaquired by the deformation of the
actuator, the volume conveyed is initially negative because fluid is coming inside the pump from
the outlet. As time passes, the pump starts to deliver fluid and the volume conveyed becomes
positive and increases the tnaferred amount. At 1 Hz, the loss from the first cycle is recovered
already at the second cycfaefter 2 seconds of actuatign
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Figure5.9: Representative volumetric flow rates for the configuration 1 @u8y cycle, phase shift 45°) atHk. In blue, the
accumulated flow defined as the mean value between the inlet and outlet flow. In green, the volume conveyed or, in other
words, the accumulated outlet volume.

In the graph, steps can be observed &arch cycle. These steps correspond to the opening and
closing of the actuators, which lead to changes in the fluid flow and the pressure in the channel.
This behaviour appears in all the configurations due to the working principle of the device.

Multiple smulations are done to determine the flow rate of the peristaltic pump at different
frequencies. IrFigure5.10, configuration 1 with 0.5 duty cycle aadphase shift of 45° at diverse
frequencies is plotted with the flow rate mL/min on they-axis, and the frequency in Hz in a
logarithm scale on the-axis.

The simulated volumetric flow rate Q is 2125min at 1 Hz and 42.39./min at 2 Hz. The linear
fitting leads to the equatiorD P wpPQp p @ xand a coefficient of determination R? =
0.9306. For this particular configuration, at lower frequencies the simulated points converge in a
better line fitting, as long as the actuah frequency increases.
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Figure5.10: Plot of the flow rateQ; versus the actuation frequendy For a better view of the loweF NB |j dzSafuésixS & Q
axis is plotted in a logarithm scale. Results corregporthe configuration 1 with 0.5 duty cycle and a phase shift of 45°.
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Configuration 2:

The second configuration, with duty cycle 2/3 and phase shift 120°, is based in the sk&tgirén
5.7(b).

Figure5.11 shows the values of the flow rate at several frequencies for configuration 2, there
valuesat 2 Hz and 10 Hare highlighted The simulations lead to a flow rate of 4.:84/min for 2

Hz and 16.83L/min for 10 Hz. The linear fitting of the simulated points leads to the equation
0 p& v T 1 T xapd a coefficient of determinatioR?=0.9969.For this configuration,
the results fit much better to a line than in the previous case, also for higher frequencies.
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Figure5.11: Values of volumetric flow rate at different frequencies for the configara2 or with 2/3 duty cycle and a phase
shift of 120°. The red line corresponds to the fitting of the simulated points. For a better visualization of th& Ibldij dzSy OA $a Q
values, thex-axis is plotted in a logarithm scale.

Configuration 3:

Finally, thethird configuration corresponds to a duty cycle of 0.75 and a phase shift of 90°,
represented irFigure5.7(c). In this case the frequencies highlighted are 1 and 2 Hz. The frequency
of 1 Hz leads to a flow rate of 5.5L/min, while for 2 Hz the flow rate obtained is 7.82/min.

The linear fitting leads to the equation @& X ¢ p & ¢ and a coefficient ofietermination

R2 = 0.9973Data are presented iRigure5.12.
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Configuration 3
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Figure5.12: Values of volumetric flow rate at differefrequencies for the configuration 3 or with 3/4 duty cycle and a phase
shift of 90°. The green line corresponds to the fitting of the simulated points. For a better visualization of the lower
T NB |j dz&aluésh tBe&aRis is plotted in a logarithm seal

Comparison between simulatedonfigurations and experimental results

In the previous section, simulations have been performed for three configurations varying duty
cycle and phase shift. The simulations have been carried out for four pumping actuators or, in
other words, a single inlet, A or B. Within these configuratiai$erent flow rates have been
obtained at the same actuation frequency. In this section, not only the simulated configurations
are compared, but also the results obtained in the experimental tests of the pumping micromixer
shown in section4.3.1 Here only half of the flow rate obtained by the experimental
measurements is considered for a fair comparison between simulation and experimental data.

Figures.13presents the data for the flow rate versus frequency for the three tested configurations
and the experimental data obtained. Circular points cep@nd to the experimental results, which
are fitted to solid lines, while simulated data are fitted with dashed lines.

In Figure5.13, Exp.Configuration 1:1 and 2:2 stand for the data obtained with the fabricated
pumping micromixer. The conditions of the experimental tests are 0.5 duty cycle and 90° phase
shift. More details about these measurements and the measurement set up can be found in
section4.3.1

Configuration 1 proves to be the best configuration tested in terms of flow rate, followed by
configuration 3. Both configurations showsggnificant difference in flow rate compared to the
other configurations tested at the same operating frequency. Configur&icand EXxp.
Configuration 2:2 show a similar behaviour in the tested frequencies, having Exp. Configuration
2:2 a slightly higheftow rate. This can be appreciated in more detail&igure5.13(b).
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Figure5.13: Flow rate versus frequency for the three simulated configurations and for the experimental configurations 1:1
and 2:2. Frequency rangéa)From 1 Hzo 200 Hz andb)from 1 Hzto 30 Hz(for a better visualization of théower
frequencies.

Talle 5.7 includes the values of 1, 2 and 10 Hz for all simulated configurations, i.e. 0, 1, 2 and 3.
These frequencies coincide withose measured experimentally. Moreover, a frequency of 200

Hz has also been simulated for configurations 1, 2 and 3. A frequency close to 200 Hz has been
reported in the literature as the resonance frequency for som@isthick EAP actuators and has
therefore been chosen here as a refererfgé5].

In the simulations, it is remarkable how varying the phase shift and duty eydiee same
frequency results in a large difference in fluid flow in the same device. For example, for a frequency
of 1 Hz, configuration 2 provides the lowest flow rate, 3.04 pL/min, while configuration 1 provides
the highest, 21.25 pyL/min, resulting irflaw rate 7 times higher. For a longer lifetime of the EAP
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actuators, low frequencies are recommended. Hence, for the same flow rate, a lower actuation
frequency is recommended and therefore configuration 1 is the most suitable for use in this
system.

Tale 5.7: Summary of the main results obtaingdsimulations in terms of flow rate for each configuration. Frequencies of
1,2,10 and 200 Hz have been chosen.

Configuration Phase shift Duty cycle Frequency (Hz) Flow rate (uL/min)
1 0.27
Exp. 1:1 90° 0.5 2 1.05
10 6.45
1 1.35
Exp. 2:2 90° 0.5 2 3.23
10 10.75
1 18.86
0 90° 0.5 2 29.20
10 103.65
1 21.25
. 2 42.40
1 45 0.5 10 101.83
200 1659.09
1 3.04
2 4.54
2 120° 2/3 10 16.83
200 373.72
1 5.57
2 7.62
3 90° 0.75 10 28.04
200 1340.92

# Half of the values obtained by the experimental measurements are disptesyed

The highest simulated flow rate here corresponds to 1659.09 pL¢in@® mL/mir). It is obtained

for configuration 1 at 200 Hz. As mentioned above, this frequency is simulated to estimate the
flow rate that could be obtainechear the resonance frequency of the material. In these
simulations, the deformation of thetackedactuators isonly considered as obtained in the
experimental measurements for a frequency of 1 Hz. At the resonance frequency, the EAP
actuators undergo an enormous deformation which would obviously lead to a huge change of the
channel volume and thus to an extremeéiygh fluid flow. However, at high frequencies, the
lifetime of the actuators considerably decreases, leading to early breakdown of the déwhess.
simulationsillustrate the potential of the pumping micromixer in terms of flow raMore details
about the comparison between experimental and simulations are included in the conclusion in
section 5.3.

B. Pressure

A relevant parameter regarding peristaltic pumps is the fluid pressure at the outlet. The pressure
was also simulated with COMS®ultiphysic€ for the previous configurations and frequencies.
The laminar flow module allows the determination of the pressure at any simulating time and in
any point, line or section inside the peristaltic pump.
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As an example of a pressure profile at thelet, Figure5.14represents the values of the pressure

at the pump outlet for the whole outlet area and also at the pump inlet section. Data ar@ take
from configuration 1 with a frequency of 1 Hz, for which a duration of 5 seconds has been
simulated.

In Figure5.14, the changes in the pressure atetlnlet and outlet are observed. The pressure here
also changes in pulses due to the actuation principle in which the peristaltic system is based. A
zero pressure value here corresponds to atmospheric pressure. At each starting of the wave
period, it can ke observed that the pressure at the inlet is negative, which allows the liquid to flow
inside the channel from the exterior of the device. As it can be observed, the peaks of the green
line, corresponding to the outlet values, are higher than those ofttle line, which belong to

the inlet section. This pressure difference allows the liquid to propagate in a wave form along the
inlet channel, and afterwards outside the device.

Figure5.14: COMSOMultiphysic®simulation of the change of pressure with time at the inlet (in blue) and at the outlet (in
green) of the peristaltic pump. Configuration 1 at 1 Hz is here shown as an example. A zero pressure value here corresponds
to atmospheric pressure.

Although there arepressure fluctuations at the outlet due to the actuators activation and
deactivation, it is possible to estimate tiackpressure of the system considering the maximum
pressure at the outletyd , and the maximum flow rate)  , obtained when the pump is
used without any exit fluidic resistance. The maximum flow rate for each configuration is the one
calculated in the previous simulations. The flow rateis obtained as a function of the
backpressuré’0 using the folbwing expression:

. Yo Y0
Y0

Eg5.5

where 0 and Y0 are data directly obtained from the software simulations. It is then
possible to obtain a linear dependency between the flow rate and the backpressure for the
system. The expression corresponds to a linear drop of the fluid flow at the outlet with te bac

pressure.

For all the configurations, the maximum pressure at the outlet was also simulated leading to the
same tendencies as that for the flow rate. Configuration 1, followed by configuration 3, presents
the highest pressure at the outlet and configtioa 2 provides the minimal pressure. The maximal
pressure is reached at 200 Hz and configuration 1 20@orresponds to the highest frequency
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