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Abstract 
  

We demonstrate a novel method for three-dimensional 
patterning of proteins and other biological molecules. The 
technique is based on multi-photon polymerization of 
photosensitive composites and biotin-avidin chemistry. This 
technique opens the way for the fabrication of structures with a 
wide range of biomaterials, as well as studying their dynamics 
within complex  3D structures. 
 

For the fabrication of the 3D structures, multiphoton 
polymerisation is used. Multiphoton polymerization of photo-
sensitive polymers is a very promising approach for the fabrication 
of complicated three-dimensional microstuctures. Compared with 
projection lithography (photo, x-ray and electron beam) and soft 
lithography technologies, multi-photon photopolymerization is 
unique in its 3D processing capability. When femtosecond laser 
pulses are tightly focused into the volume of a photosensitive 
resin, which is transparent in the infrared, the liquid is 
photopolymerized into solid state by absorbing more than one 
photons. This process is confined to a highly localized area at the 
focal point due to the nonlinear dependence of the polymerisation 
rate on the laser intensity. However to establish this technology as 
a micro –processing tool , a lot of work on optics , materials  and 
electronic controlling has been done to reduce the writing laser 
power ,and improve the fabrication accuracy and efficiency. 
  

Biotin is subsequently attached to the 3D structures via UV-
activated cross-linking. The integrity of the photolytically 
immobilized biotin is confirmed by detecting the binding of 
fluorescently labeled avidin via fluorescence. 
 
 For monitoring the loading of photobiotin to the 
photopolymer  and for quantification of the measurements , an 
acoustic sensor technique is used. This system, known as the Love 
wave device, incorporates a shear horizontal-surface acoustic 
wave (SH-SAW) overlaid by a thin polymer layer. The polymer 
layer acts as a waveguide through surface-energy confinement and 
enhances the sensitivity of mass deposition. Mass adsorbed to the 
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polymer surface changes the phase of the waves during the 
adsorption process.  

Finally the SAW technique has used to examine the 
attachment of biotinylated anti-human IgG antibody. A permanent 
phase change has again been measured, indicating the functional 
operation of the photobiotin-avidin complex. 
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Chapter 1     Introduction 
 
 
 
 The analysis of biological samples with biosensors has been 
the focus of much analytical research in recent years. Micro-
patterned surfaces have become increasingly important to 
biosensor systems, with patterned arrays of antibodies, DNA, 
enzymes and supported lipid membranes proposed to monitor the 
functions of biomolecules and cells in situ [1]. The construction of 
arrays of micrometer dimension allows the measurement of many 
different biological analytes using samples of very small volume. 
Furthermore, such structures enable the investigation of the 
dynamics of biomaterials in scales typical of the confined 
cytoplasm and nucleus [2]. 
 A number of different approaches have been examined for 
fabricating patterned biological polymer surfaces [3], 
photoactivation of light sensitive molecules being one of them [4]. 
The use of photoactive biotin derivatives is an attractive technique, 
as it not only offers the exploitation of a strong non-covalent 
biological interaction between biotin and the glycoprotein avidin, 
but also it allows binding of biotinylated ligands, enabling the 
fabrication of multi-functional assemblies of molecules upon the 
sample surface [5]. 
 Almost in all cases, biomolecule patterning has been two-
dimensional (2D). Three-dimensional (3D) patterning on the basis 
of DNA complex structures has been demonstrated [6], but 
requires extensive biochemical facilities that are not available 
except to specialized labs. We demonstrate a method of 3D biotin-
avidin patterning which enables the construction of arbitrary two 
and three dimensional shapes, not restricted to array-based 
shapes. By going from 2D to 3D one can increase greatly the active 
surface area and thus the sensitivity of the system without 
sacrifices to the size. The method allows not only prototyping but 
direct device construction.  
 For the fabrication of the 3D nanostructures, we use the 
biocomaptible organic-inorganic hybrid ORMOCER, which is 
characterized by high transparency in the visible and near infrared 
ranges above 400 nm [7] and therefore allows three-photon 
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polymerization using a 1.028 μm laser. The construction of 3D 
structures has been carried out using non-linear optical 
stereolithography, a technique that allows the fabrication of three-
dimensional structures with sub-micron resolution [8].  

 Biotin is subsequently attached to the 3D structures via 
UV-activated cross-linking. Biotin is subsequently attached to the 
3D structures via UV-activated cross-linking. The integrity of the 
photolytically immobilized biotin is confirmed by detecting the 
binding of fluorescently labeled avidin via fluorescence. The 3D 
structures fluoresce very strongly when excited with green light 
and this fluorescence originates solely from the 3D component, 
and not from the glass substrate. Since ORMOCER and 
photobiotin do not fluoresce in the green, fluorescence can be 
safely ascribed to the streptavidin.For the samples which are not 
pre-treated with photobiotin and only treated with avidin there 
was no fluorescence. Therefore, the incorporation of avidin is due 
to the biotin bound to the structure. Similarly, no fluorescence is 
detected if in the procedure biotin instead of photobiotin is 
employed. This result  demonstrates that the  biotin  and avidin  
are not simply incorporated within a porous structure; instead,  
chemical bonding is clearly involved. Upon UV irradiation, 
photobiotin is known to generate a reactive biotin [9]. It is likely 
that this intermediate reacts with dangling Si-O bonds at the 
surface of the polymerized structure. 
 For monitoring the loading of biotin to ORMOCER, an 
acoustic sensor technique has been used based on a waveguide 
geometry.  This system, known as the Love wave device, 
incorporates a shear horizontal-surface acoustic wave (SH-SAW) 
device overlaid by a thin polymer layer; the latter acts as a 
waveguide through surface-energy confinement and enhancement 
of sensitivity to mass deposition. [10]. For biosensing experiments, 
mass adsorbed to the polymer surface can be monitored in real 
time by following the phase change of the wave during the 
adsorption process.  
    
  The manuscript is divided in two main parts. In the chapters 
of the first part the basic theory is presented, while in the chapters 
of the second part the results of the experimental work and the 
future plans are presented. The first part contains three chapters.  
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In Chapter 2 we begin with a brief introduction to multi-photon 
absorption and photopolymerization. 
In Chapter 3 we carry on with the presentation of the theory of 
Acoustic Biosensors. Basic magnitudes, like piezoelectricity and 
Love  waves propagation are introduced. We briefly discuss the 
temperature, pressure and flow rate effects on the control of the 
sensor environment. 
In Chapter 4 we present extensively the basic characteristics of the 
materials that we used during the experiments. First, ORMOCER  
is examined for its mechanical and optical properties and for its 
three photon polymerization. Second, an acrylate-based photo-
polymer sensitized with Eosin Y dye is examined for its two 
photon polymerization. Third, the system of photobiotin-avidin is 
presented. Finally, protein IgG is examined in detail.  
The second part of this thesis contains three chapters.  
In Chapter 5 the developed experimental facility for two and three 
photon polymerization is analyzed. The laser system, the optical 
components including the mechanical scanning system,   as well as 
the piezoelectric stage are described in full detail. Finally we 
demonstrate the tracing of biomolecules interaction using a    
Fluorescence Microscopy. 
In Chapter 6 we mention the tracing of biomolecules interaction 
using an acoustic technique. The results of the experiments with 
ORMOCER, polystyrene and IgG are presented . 
Finally, in Chapter 7, conclusions and plans for future work are 
discussed.  
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Chapter 2 Multi-Photon Absorption and 
Polymerization 
 
Introduction   
 
 Femtosecond laser interaction with matter differs essentially 
from those with longer pulses or CW lasers in its significant 
nonlinearity, ultrafast characteristics and the possibility of highly 
localization of reaction volume. The multi-photon 
photopolymerization technology is expected to play a similar role 
to that played by lithography for planar semiconductor device 
processing, but for micro-nanofabrication of 3D polymer-based 
optoelectronic devices as well for microelectromechanical systems.  
 The emergence of a new technology in 1997, two-photon 
photopolymerization(2PP) [11], has brought the light curable resin 
into the realm of nanofabrication. As indicated by the name, the 
resins are polymerized not by absorbing one UV photon, but by 
simultaneously absorbing two photons at longer wavelength, 
usually in the red-infrared (IR) spectral region. The two-photon 
process [12–13] has at least two advantages compared to single-
photon absorption used in conventional rapid prototyping. First, 
common polymers have negligible linear absorption in the 
rednear- infrared (NIR) region, so the laser penetrates deeply into 
materials and directly induces polymerization from inside without 
contaminating outside of the focal volume. Secondly, the quadratic 
dependence of polymerization rate on the light intensity enables 
3D spatial resolution, and the accuracy is better than that achieved 
in single photon process. 
 In addition three photon photopolymerization(3PP) is 
initiated through the non linear process of three-photon absorption 
of a photoinitiator , and induces several chemical reactions 
between starter molecules and monomers in a transparent resin . 
3PP is a process which allows the fabrication of components of 
very high resolution . 3PP was experimentally reported for the first 
time in 2005 by M.Farsari,G.Filippidis and C.Fotakis for fabrication 
microstructures with high resolution . 
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A Two Photon Photopolymerization and Applications 
2.1 Two Photon Photopolymerization 
 
 Two-photon photopolymerization was experimentally 
reported for the first time in 1965 by Pao and Rentzepis [14] as the 
first example of multiphoton excitation-induced photochemical 
reactions. They focused 694-nm laser from a pulsed Ruby laser 
into a sample of styrene that was cooled to 77 K. After developing 
in methanol, solid precipitate was extracted and confirmed to be 
polystyrene through IR absorption. In the particular experiment, 
no photosensitizer was used and the author tried to increase the 
two photon absorbance by using monomers with added functional 
groups, such as para-isopropylstyrene and chlorine-substituted 
derivatives of styrene. As a result, much enhanced two-photon 
polymerization was observed. 
 Two-photon photopolymerization has unique merits: 
– First of all, it has intrinsic ability to produce 3D structures. In 
addition, the long wavelength chosen for TPA has less absorption 
and less scattering, which gives rise to the deep penetration of 
light; use of ultrashort pulses can start intense nonlinear processes 
at relatively low average power, without 
thermally damaging the samples. 
– The two-photon photopolymerization system doesn’t need 
vacuum condition for operation. The system is easy to operate and 
maintain.  
No mask, mold, or stamp is needed for fabrication. It directly 
converts computer- designed patterns into matter structure. The 
rapid turnaround time for fabrication allows one to quickly iterate 
and modify design. 
 
2.2  Material Processing with Femtosecond Lasers 
 
2.2.1 Interaction of an organic medium with light 
 
 The interaction of an organic medium with light can be 
regarded within the framework of a dielectric subjected to an 
electric filed . In the dipole approximation ,the induced dipole 
momentum in a molecule due to the applied filed is given by 
 

erind −=μ             1 
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where e is the electronic charge  and r is the filed induced 
displacement .The bulk polarization resulting from this induced 
dipole moment is given by  
 

NerPind −=                2 
 
where N is the electron density in the medium .In these cases 
(where the field strength is low ),to a good a approximation ,the 
induced polarization Pind in a medium ,due to the applied electric 
field E is linear in E and can be written as  
 

EXPind
)1(=                3 

where X(1) is a susceptibility  and is a second rank tensor and has 9 
components because it relates all the components of the 
polarization vector with all components of the electric field vector 
.The optical response of a medium at an optical frequency ω is 
represented equivalently by the complex refractive index nc given 
by 
 

( ) )1(2 41 Xnc πωω +=         4 
 

The complex refractive index can be written as the sum of the real 
and imaginary part as 
 

iknnc +=             5 
 
where n the real part which corresponds to the dispersion of 
refractive index ,while k the imaginary part which corresponds to 
an electronic absorption. 
 This can be understood by considering the medium to be an 
assembly of forced harmonic oscillators which are driven by 
sinusoidal optical field .The oscillators also experience a damping 
force which can be interpreted as an exchange of energy between 
the optical field and the medium .Using the harmonic oscillator 
model,we get an equation of motion . 
 

E
m
ex

dt
dx

dt
xd

−=+Γ+ 2
02

2

2 ω
         6 
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where Γ is the damping constant .Considering a sinusoidal electric 
field  
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The real part of the refractive index corresponds to dispersion 
while the imaginary part corresponds to absorption . 
 
2.2.2 Non linear Optical Effects 
  
 The treatment of the previous section assumed the medium 
to be a collection of harmonic oscillators .This assumption is valid 
only for small displacement from the equilibrium position .If the 
field is strong enough as in our case ,the equation of motion will 
contain non harmonic terms . Equation 6 must be modified to  
 

E
m
ebxaxx

dt
dx

dt
xd

−=++++Γ+ .........2 322
02

2

ω
         11 

 
 If the diversion in harmony is small compared to the linear 
term, the solution can be approximated as a power series in E . 
The value of material polarization P is: 
 

............3)3(2)2()1( +++= EEEP χχχ     (12) 
 
where the quantities of x(1), x(2), x(3) are first ,second-and  third- -
rank tensors, representing linear, second-order and third-order 
optical susceptibilities. X(2) gives rise to second order nonlinear 
effects such as optical rectification ,second harmonic generation 
,and linear electro-optic effect . X(3) is responsible for third-order 
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effects such as optical Kerr effect,electric field induced second 
harmonic generation, four wave mixing, third harmonic 
generation  and two photon absorption. In resonant processes, 
there is no contribution from the even-order susceptibilities like 
χ(2) and χ(4). Therefore, the nonlinear absorption is described by the 
imaginary parts of χ(3), χ(5) of which typical effects are two-photon 
and three-photon absorptions, respectively.  
 Nonlinear processes [15,16], for example, multiphoton 
absorption including two-photon absorption (TPA) [16,17], have 
come to play a dominant role in nanofabrication. In order to 
produce a lasting effect on a material, photons must first be 
absorbed. The energy and momentum are exchanged between the 
optical fields and molecules through absorption and emission. In 
such a process, the imaginary part of nonlinear susceptibility 
represents the energy transfer from the light field to a medium. 
The energy exchanged between the light beam and the medium  
per unit time and unit volume is: 
 

PE
dt

dW &ρρ
⋅=

                     (13) 
 
where E is the electric field vector and the brackets denote time 
average over several cycles of the field . 
 Particularly, for degenerate TPA, that is, the process of 
photons of identical energy are simultaneously absorbed, the 
energy absorption rate is: 

]Im[8 )3(2
22

2

χωπ I
ncdt

dW
=

        (14) 
 
 It is seen that the TPA rate quadratically depends on the 
light intensity, which is an important mechanism to improve the 
spatial resolution in two-photon fabrication. Typical values of 
intensity are 1020photons/cm2sec . Something proportional matters 
in chemical reactions like 2A+B->C where the rate of this reaction 
depends quadratically on the concentration of A .  
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2.2.3 Cross section of 2PA 
 
 Two photon absorption is often described in terms of a cross 
section σ2 .A high capability of materials to absorb photons via 
TPA is desired, which is described by TPA cross-section, σ2, 
defined by 

2
2 NF

dt
dn p σ=

          (15) 
 
where N and dnp/dt are the number of absorbing molecules per 
unit volume  and number of absorbed photons per unit time 
respectively. F=I/hn denotes photon flux. According to Eq 15, the 
TPA cross-section is: 

]Im[8 )3(2
22

22

2 χπσ I
Nnc

hv
=

          (16) 
 
Two Photon cross-section can also be expressed in terms of the 
change in intensity of an incident laser beam . 

 

 

medium

0 L

I(L) I(0) 

 
Fig 1 Change in intensity of a beam as it propagates through a 
medium 
 The change in intensity I of a beam as it propagates through 
a medium with linear and two photon absorption is given by  
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where a1 is the linear absorption coefficient and a2 is the two 
photon absorption coefficient related to the imaginary part of the 
third order susceptibility x(3) .  
For a beam with a rectangular temporal profile and a Gaussian 
spatial profile and for a medium with no linear attenuation (a1=0), 
the transmitted intensity I(L) can be shown to be 
 

]1[ln(1)( 20
2
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where I0 is the incident  intensity and L is the thickness of the 
sample. The molecular two photon absorption cross section σ2 is 
related to a2 by 

3
02022 10−×== dNNhva Aσσ               19 

 
 
where hv is the incident photon energy N0 is the molecular density 
(cm-3) , NA is the Avogadro number and d0 the concentration,(mol 
l-1). 
  
2.2.4 Computation of multophoton absorption coefficients at the 
molecular level 
 
 For the calculation of nonlinear coefficients we use the sum 
over states method which is based on a pertubative expansion of 
the stark energy .The optical nonlinearities are introduced as a 
result of Stark mixing with various excited states . 
 For one photon transitions the most important quantity for 

one photon transitions is the transition moment frM f 00 =   

,where 0  and f  are the wave functions of the initial and final 
states involved in the transition ,respectively .For a two photon 
absorption transition ,the expression for the cross section contains 
terms of the type   ifi MM 0
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where i stands for the intermediate time-dependent state involved 
in the transition . Then the quantity that is important for two 
photon transitions  is the transition  tensor S0f  given  
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where λ and μ are the unit vectors defining the polarizations of the 
two photons in the laboratory coordinates ,0 and f are the ground 
electronic state and the final excited state ,and i is one of the N 

intermediates states .The terms 0ri  and irf  are the transitions 
moments for the 0->i and i->f transitions. Eλ and Eμ are the 
energies of the two photons respectively and Ei and Γi are the 
energy and linewidth corresponding to the ith intermediate state 
respectively . In terms of the transition tensor , the basic cross 
section for TPA is given by the expression . 
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where g is the line shape function and is Gaussian  
 The design of molecules that have a large TPA cross-section 
is an important task of stereolithography using two-photon 
photopolymerization. First, a femtosecond laser carries much 
greater peak power. With conventional light sources the strength 
of the light field is in the range of 1 V/cm and the resulting 
elongation of dipole is smaller than 10-16 m, much smaller than 
atomic or molecular diameters (10-10~10-7 m). With femtosecond 
laser irradiation, the field strength is  108 V/cm, which 
corresponds to an incident light intensity of 100GW/cm2 and is 
sufficient to induce direct bond breaking 
 .Two photon absorption has an extremely small cross-
section, it is confined to occur only in a small 3D volume around 
the close vicinity of the laser focus, less than the cubic wavelength 
(λ3). Typical values for TPA cross section are 10-48 -10-50 cm4 
sec/photons.  Hence, a quite high 3D spatial resolution can be 
achieved in the pinpoint exposure. Secondly, when materials are 
irradiated with femtosecond laser pulses, the photon energy is 
deposited much faster than electrons could transfer it to the lattice, 
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or molecule/ atom oscillations through phonon emission, meaning 
that the excitation is a heat insulation process [17,18,19]. 
 
 
 
2.3 Fundamentals of Stereolithography using Two-Photon 
Photopolymerization 
 
 Photopolymerization is one of the most important types of 
photochemical reactions that have been used for laser fabrication 
[21]. This is because the material resins undergo a significant phase 
transition after laser irradiation, from liquid to solid, and non-
polymerized liquid is easily removed by a developing process so 
that solidified 3D structures stand out [20].The basic components 
of the starting liquid material are monomers and oligomers (or 
prepolymer). Upon light excitation, the monomers or oligomers 
may be solidified by two means: polymerization and crosslinking 
[21]. 
 
2.3.1  Descriptions of polymerization based on radical initiators. 
 
 An important feature of polymerization is the chain reaction 
by which macromolecules are created, while cross-linking is 
concerned more with the formation of crosslinks with chemical 
bonds .  An important difference of these two kinds of reaction lies 
in their quantum yield, which is defined as the ratio of number of 
polymerized monomer units to the number of photons that are 
needed to cause this polymerization.   
 In the case of photocrosslinking, addition of each monomer 
unit requires absorption of a photon, leading to a quantum yield 
less than 1.  
 In contrast, photopolymerization is realized via chain 
reactions as shown in the following equation (Eq. 1), so the 
quantum yield can reach several thousands . 

n
M

n
MM MMMMM ⎯→⎯⎯→⎯⎯→⎯ −132 ......              1 

 
Here M is the monomer or oligomer unit, and Mn, the 
macromolecule containing n monomer units.  The quantum yield 
of general monomers and oligomers is low. In order to increase the 

 25



initiating efficiency, one or several low-weight molecules that are 
more sensitive to light irradiation are added. They form initiating 
species of radicals or cautions by absorbing photons. Such small 
molecules are called photoinitiators. 
 

•⎯→⎯⎯→⎯ ∗ RII hv2
                 2 

 
where symbols denote photoinitiator (I), radical (R·) and I*, an 
intermediate state of the photoinitiator after absorbing a photon. 
 

•→•••⎯→⎯•→+• n
M RMRMMRMMR     3 

 
The photoproduced radicals react with monomers or oligomers, 
producing monomer radicals, which combine with new 
monomers, and so on, so the monomer radicals expand in a chain 
reaction, until two radicals meet with each other. This chain 
propagation stops in either of the following channels: 
 

RRMRMRM nmmn +→•+•         4 

mnmn RMRMRMRM +→•+•  
 Therefore the polymerization process consists of several 
steps: (i) photoinitiation, (ii) chain propagation and (iii) 
termination. 
 A good photoinitiator should be (i) easily reduced to an 
initiating species upon light irradiation, and (ii) provide 
photoproduced radicals or cautions active enough to react with 
monomers or oligomers. 
 The nonlinear response of photopolymerization is caused by 
highly reactive oxygen molecules absorbed by resin. Oxygen 
molecules inhibit polymerization reaction at the beginning of 
polymerization, because oxygen molecules scavenge the radicals 
that generate the polymerization reaction. Accordingly, when the 
intensity of light is adequately low, polymerization reaction does 
not propagate, because almost all the photons are consumed by 
the oxygen molecules. 
 A photosensitizer is a molecule that absorbs light and then 
transfers the energy to a photoinitiator. With such a scheme, the 
photoinitiation process is expressed as: 
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•∗∗ →⎯→⎯⎯→⎯ RISS Ihv ...     5 

 
where S is the photosensitizer. A co-initiator itself doesn’t absorb 
light, but it is involved in the production of radical species. 
Reactions that are typically used for laser fabrication are : double-
bond addition of acrylates (radical-type) 

                    6 
 
 For a radical type initiator, benzoyl is the most widely used 
chromophore, which must have the initiator ,since it exhibits good 
absorption in the UV region.  
 After polymerization, the oligomer constitutes the backbone 
of the polymer network. The physical, chemical and mechanical 
properties of the solidified resin strictly depend on the nature and 
structure of the oligomer.  Oligomers generally contain at least two 
reactive groups, from which both cross-linking and 
polymerization could occur.  
 Monomers have a much smaller molecular weight and 
consist of one or several reactive groups . They polymerize 
similarly to oligomers and are an important factor in determining 
the efficiency of polymerization. In addition, monomers are also 
useful for diluting resins so that the polymer is easier to handle for 
a particular use. For 3D micro-nanolithography, a suitable 
viscosity is of particular importance due to the opposite 
requirements in different steps of processing: a high viscosity is 
needed for keeping early produced volumes where they are 
created, while a low viscosity facilitates removal of unsolidified 
resin from intervals. For a successful fabrication the following 
behaviours are preferred: (i) high polymerization efficiency upon 
light irradiation, (ii) lower shrinkage after polymerization, (iii) fast 
reaction time and low dark polymerization. 
   
2.3.2 Stepwise 2PA –Simultaneous 2PA 
 
 Selection rules for single-photon and two-photon excitation 
(2PE) are different, even parity transitions for  2PA and odd parity 
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transitions for one photon absorption.  Electron excitations can 
occur stepwise or simultaneously as shown in Fig. 2a,b. 
 

 
Fig. 2a,b Illustration of two-photon absorption schemes. a) 
stepwise 2PA with an actual intermediate energy level, and b) 
simultaneous 2PA with a virtual energy level.  
 
 The former could be treated as two sequential single-photon 
absorption processes and relies on the existence of a real 
intermediate state, from which an excited population is further 
pumped to a higher energy level by absorbing photons of the same 
energy as the ground state (excited state absorption). Such a 
process, although on some occasions also called 2PA or stepwise 
2PA .  
 Simultaneous 2PA is a quantum mechanical three-body 
process, where an electron absorbs two photons simultaneously to 
transcend the energy gap in one excitation event [15]. As light 
passes through a molecule, a virtual state is formed when the first 
photon is absorbed. It persists for a very short duration (of the 
order of several femtoseconds as prescribed by Heisenberg_s 
Uncertainty Principle), which contrasts with the long lifetime of 
the actual intermediate energy level in stepwise absorption. 2PA 
can result if the second photon arrives before the decay of this 
virtual state. If the energy of the two photons are identical, the 
process is referred as degenerate 2PA, otherwise, the process is a 
non-degenerate one. For femtosecond laser micro-nanofabrication, 
simultaneous 2PA is more relevant. 
 However, since the transition probability of two-photon 
absorption tends to be extremely small, these processes generally 
require an expensive short-pulsed laser such as a Ti: Sapphire 
type.  
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 2PA can be utilized for inducing photopolymerization. The 
difference between one-photon and two-photon induced 
photopolymerization lies in how the energy for activating 
initiators is provided.  
  
2.3.3.High Efficiency Two-Photon Materials 
 
 Molecules of large TPA cross-section [22] are very important 
for the broad application of two-photon photopolymerization 
technology. Polar molecules were found to have a large 
change of dipole moment (Δμ>10D) upon excitation from ground 
state to excited state [23]. Since both the ground and excited state 
can participate in the formation of the virtual energy level, the 
transition probability is proportional to (Δμ)4 . For example TPA 
cross-section can be larger than σ2~10-50cm 4s photon-1. 
 One important effort in the molecular design of large σ2 is 
searching for a molecular structure that potentially has larger Δμ. 
It was found that π-conjugated systems such as those with 
phenylethenyl , fluorenyl [23], or polyenyl constructs were good 
candidates. In these molecules, electron- donating (D) and/or 
electron-withdrawing (A) moieties were separated by a conjugated 
π-electron system (A-π-A, D-π-D, D-π-A-π-D and A-π-D-π-A). 
 It is theoretically predicted and experimentally found [14] 
that σ2 can be enhanced by increasing the conjugation length and 
the donor and acceptor strengths. 
 Another concern in two-photon molecule design is 
wavelength sensitivity [23]. This arises from the fact that the most 
suitable femtosecond laser is solid wavelength-tunable Ti:Sapphire 
laser, of which the wavelength ranges from 680 ~ 840 nm. 
 In addition for increasing TPA cross-section of 
chromophores, there is another route to enhance TPA by 
increasing the chromophore number density without causing 
aggregation. 
 
2.3.4Dynamic Power Range 
 
 The polymerized voxel size increases with the increase of the 
irradiation duration (Δt) and the square of light intensity, SLI, (I2). 
The  dynamic power range is defined by the window between the 
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two photon polymerization threshold and the laser-induced 
breakdown threshold [14]. 
  The photopolymerization threshold is determined by the 
production efficiency of initiating species from excited triplet 
states, which is characterized by the quantum yield of 
polymerization. The reactions that produce radicals should 
compete with monomer quenching, oxygen quenching and other 
pathways of deactivation of the excited states like 
phosphorescence emission. The threshold is also determined by 
the reactivity of radicals and monomers. 
 When laser irradiation is greater than a particular value, 
intense damage is induced in materials. This phenomenon is called 
laser-induced breakdown. The breakdown is dominated by a 
thermal process when pulse width is long (e.g. >10 ps for most 
transparent materials [14,15]  
 This was evidenced by observations that the  breakdown 
threshold scales approximately with pulse width by τ1/2 for t >10 
ps [15]. For shorter pulse widths(<1 ps), it is believed that the 
breakdown occurs in various materials via plasma generation [24]. 
Plasma can be produced via an avalanche process whereby free 
electrons are accelerated by the incident light field, causing an 
explosive cascade growth in electron density. The generated 
plasma can absorb and defocus the remaining incident light field. 
The breakdown causes the ablation process at sample surface and 
micro-explosion inside bulk, both accompanied by vaporization 
and atomization of the sample constituents. 
 Therefore, measures could be taken to increase the quantum 
yield of polymerization, and therefore the dynamic power range.  
A simple and effective method is choosing laser wavelength so 
that radicals are produced more efficiently. It was experimentally 
observed [25] that the two-photon exposure threshold at 660 nm is 
roughly half of that at 700 nm, and approximately five times lower 
than that at 800 nm, while the breakdown threshold didn’t vary  
significantly. The most efficient method is use of high TPA cross-
section initiators. 
 
 
 
 
 

 30



2.4Advanced Techniques in Two-Photon Micro-Microfabrication 
  
 The progress of femtosecond laser technology and 
exploration of high efficiency photoinitiators and photosensitizers 
have fuelled the progress of two photon polymerization 
lithography. Its basic principle and potential applications have 
been demonstrated. However, to establish this technology as a 
micro-processing tool, a lot of work on optics, materials and 
electronic controlling has been done to reduce the writing laser 
power, evaluate and improve the fabrication accuracy and 
efficiency, and launch new applications. 
 
2.4.1 Laser  Diffraction Limit 
 
 Compared with projection lithography (photo, x-ray and 
electron beam) and soft lithography technologies, two-photon 
photopolymerization is unique in its 3D processing capability. 
However, the use of relatively long wavelength worsens the 
spatial resolution, for which the bottleneck is set by the optical 
diffraction limit . This is a limiting factor for the wide application 
of this technology. In this section, we will introduce how to avoid 
this problem  and achieve SDL accuracy in 3D fabrication. 
 In two-photon 3D lithography, the Gaussian output of the 
laser undergo beam expansion and focusing, and is spatially 
filtered, producing a relatively flat wave front.  Light distribution 
at the focal plane arises essentially from Fraunhoffer diffraction on 
the aperture of an objective lens , of which the diffraction pattern is 
shown by the (Fig. 3). The light intensity due to the constructive 
and destructive interference in the focal plane was assumed to 
follow a formula due to Airy :  

( ) 0
2

1 /)(2)( IxxJxI =      1 
 
where x=2πaw/λ, w is the coordinate in the diffraction pattern, 
and Iο=ED/λ2R2 is the intensity at the centre of the pattern, E is the 
total energy incident upon the aperture and D=πα2 is area of the 
aperture with an effective radius a. 
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fig 3 Light intensity analysis for understanding the achievement of 
sub-diffraction-limit spatial resolution. Focal plane light intensity 
(dashed line) and the square of light intensity (solid line) 
distribution are associated with single-photon and two-photon 
excitation, respectively. Their derivative distribution is also 
shown. The inset is the diffraction pattern at the focal plane 
 
 For imaging, the resolving power was limited by Rayleigh’s 
criterion, r=k1λ/NA, due to the signal overlapping from 
neighbouring object points, where k1=0.4~0.6 is a constant 
depending on the laser line width and projection geometry.  The 
spatial resolution could be improved by utilizing either shorter 
wavelengths or larger NA focusing, but the diffraction limit cannot 
be circumvented. 
  For direct laser writing, a single focused beam is employed, 
producing an Airy pattern.  The issue of light intensity 
overlapping is eliminated and the light intensity at the focal point 
was continuously adjustable.  Therefore, even if the focal spot size 
is fixed for a given optical system (wavelength and objective lens), 
the diffraction limit can be circumvented, provided that the 
photochemical processes responsible for the formation of voxels 
have a threshold response to light excitation.  Here the threshold 
was a level of light intensity (Fig. 3), above which the 
photochemical reactions become irreversible (for example, 
photopolymerized).  In this case, the diffraction limit becomes just 
a measure of the focal spot size; it does not put any actual restraint 
on voxel sizes. 
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2.4.2 Thresholding Mechanism: Radical Quenching Effects 
 
 Thresholding performance depends on the individual  
mechanism of photochemical reactions.  In radical type 
photopolymerization, oxygen molecules play an important role in 
the reaction process [33] Fig. 4. Oxygen quenches polymerization 
via two possible routes.  
 1)The first is triplet state quenching (T-quenching), where 
the triplet state of the initiator molecules can be directly consumed 
by reacting with oxygen molecules without generating any 
radicals.  
 

 
fig 4 Photopolymerization quenching by oxygen molecules under 
two mechanisms: triplet state quenching (T-quenching) and radical 
quenching (R-quenching). The latter is the major factor that works 
in the sub-diffraction-limit fabrication. 
 2)The second effect is radical quenching (R-quenching), 
where radicals combine with oxygen molecules, producing much 
less active peroxial radicals.  This phenomenon, common in radical 
type polymerization, is the origin of the reaction induction period 
and it reduces polymerization efficiency .The two-photon 
photopolymerization threshold is closely related to the radical 
quenching effect. Due to the quenching effect, the existence of 
oxygen is generally considered as detrimental factor in 
polymerization. 
 By tailoring the light intensity at the focal volume, it is 
possible to reach a state where TPA-induced radicals survive and 
initiate polymerization only at the region where exposure energy 
is larger than the threshold.  The intensity of high-order diffraction 
features (see the subsidiary maxima in the inset of Fig. 3) was low, 
and therefore easily controlled under the TPA threshold . Any 
chemical species that tends to prohibit photopolymerization 
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reactions, even in small concentrations, is called quencher.  
Oxygen is just one of many choices of quencher [26-28] 
 
2.4.3 Two-Photon Excitation Related Focal Spots 
 
 When IR ultra-short laser pulses are tightly focused in a 
resin, initiators are decomposed into radicals by simultaneously 
absorbing two photons. The number of photons absorbed per 
molecule per unit time by means of TPA is proportional to the 
TPA cross-section,σ2 and to SLI. The total number of photons 
absorbed per unit time is also a function of initiator concentration, 
C, and the volume V. In the absence of saturation and 
photobleaching, the number of radicals generated per unit time, N, 
is given by: 
 

∫=
V

dVzrSICN ),,(22
02 ϑφσ

                 2 
 
where I0 is the light intensity at the geometrical focal point, S(r,θ,z) 
is a unitless function used to describe the spatial distribution of the 
incident light, and φ is the quantum efficiency of radical yield.The 
shape of the TPE focal spot is determined by S2(r,θ,z).  
 
 
2.5 Applications of 2PP 
 
 
 Two-photon photopolymerization, a micro-nanotechnology 
still in its infancy and a subject of active research, has potential use 
in fields such as photonics, optoelectronics, biology, micro-
machines and MEMS, and so forth. Among many, here we 
introduce applications that already have proof of concept. 
  
1.Fabrication of PhCs 
 
 One of the most important applications of 2PP is the 
fabrication of PhCs.  Photonic crystals (PhCs) [29,30] are 
microstructures with a periodical distribution of refractive 
indexes.  They are the optical analogue of semiconductors, where a 
band gap is open due to the electron wave modulation by periodic 
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Coulombic potential. In a PhC, the multiple interference among 
waves scattered from each primitive unit may lead to a frequency 
region, called a photonic band gap (PBG), where light propagation 
in all directions is forbidden.   
 There are at least two advantages to fabricating PhCs using 
2PP technology. First of all is the potential to produce PhCs of 
arbitrarily designed lattices.  PhCs of varied lattice types, lattice 
constant, and filling factors are realizable just by scanning 
different CAD patterns.  This simplicity in fabrication permits a 
systematic study of PhC physics and suits various requirements 
for a practical system. Secondly, there is the diversity of usable 
materials and functions. The progress of molecular material 
engineering has made it possible to synthesize polymers with 
performances similar to or better than their inorganic counterparts. 
By introducing functional groups to unsaturated monomer or 
oligomer units in a molecular structure, or just by doping the 
functional polymers into known photopolymerizable materials, 
optical, electronic, magnetic, and mechanical functions can be 
imparted to devices. 
 
2.Functional Micromachines and Microelectromechanical 
Systems and their Optical Actuating 
 
 A number of micro components have been fabricated by 2PP 
.These structures are good proof of the fabrication capability of 
2PP technology. Even more complicated devices can be produced, 
which should be composed of two types of components classified 
according to their functions, static parts for support, connection or 
confinement, and movable parts. Both need precise shaping, 
positioning and jointing during photofabrication.  
 For movable components, an essential issue to address prior 
to fabrication is finding a suitable actuating mechanism. 
Appropriate electric, optical, thermal, magnetic, and chemical 
effects need to be found to achieve this end. Electrically controlling 
micro systems, the requirement of MEMS, is most desirable. 
However, there is a long way to go before introducing conductive 
polymer into structures and integrating polymer devices on an IC-
contained semiconductor chip or developing polymer ICs. Optical 
force provides a simple solution, which is the currently most 
practical mechanism for actuating micro-nano-devices. 
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 The technique of optical manipulation has been employed as 
a unique means of controlling micro-dynamics of small objects 
without physical contact since the pioneering works by Ashkin 
[31,32] 
 The laser irradiation pressure (gradient and scattering forces) 
forms the basis of light actuation of micromechanical devices, 
which falls into three categories: windmill rotation, rotating by 
photon angular momentum transfer, and push-pull due to 3D 
trapping. In the following sections, we will describe how these 
optical powering approaches have been or will be applied for 
driving micro-machines. 
 For example ,windmills rotate when facing wind, a 
phenomenon known since ancient times. It is not surprising that 
similar rotational phenomena have been frequently observed in 
laser-trapped particles. The rotational torque arises from the axial 
irradiation force and from the asymmetrical or rotation-
symmetrical shape of the particles. The rotation rate is 
proportional to the trapping laser’s power, and is related to the 
shape of the objects and the viscous drag from the ambient 
medium.  
 In a micro-machine, it is important to design a device 
structure of helical shape and of proper rotation symmetry so that 
the structure could be fixed (trapped) at a suitable position and 
with the desired orientation, for high stability and for minimizing 
the friction between the rotating parts and its axle (if there is one). 
The translation momentum from the “photon wind’ ’needs to be 
efficiently converted to the spinning momentum of the object. A 
number of micro-components satisfying the above requirements 
have been produced by various micro-fabrication technologies [34-
36].  
  
3 Mechanics of Two-Photon Polymerized Nanodevices 
 
 Like numerous electronic devices, such as personal 
computers and cellular phones, that have gained cost advantage 
from integrating most of their functions onto a single chip, 
mechanical micro-nanodevices and their integrated systems are 
expected to spur the next revolution in the manufacturing industry 
.It is already a well known principle in the aircraft manufacturing 
industry that real-size systems that are proportionally scaled up 
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from designed models don’t work. This is because the surface area 
and mass (or volume) of an object do not proportionally increase 
with dimensions and  they follow different laws (square and cubic 
laws respectively). The same principle applies when the size of 
devices are scaled down to micro nanometer sizes. For example, if 
the feature size of a device is reduced from millimetres to 
nanometers, the surface-to mass ratio increases by 106 times.   
 Therefore, in the nano realm, mass and inertia are no longer 
important, while physical, mechanical and electric characteristics 
such as stress and tension, thermal transfer, phase transition, fluid 
phenomena, and achievable field strength abide by rules much 
different from current experience and would dominate .  
 2PP has been recognized as an important method for 
producing micromechanical and MEMS devices. It provides a 
good opportunity to explore nano-device mechanics. Sun et al. [13, 
37] fabricated a nano-spring using this technology. The laser 
system for TPA photopolymerization, with a wavelength tuned to 
820 nm, was used for the laser trapping. When the laser focus was 
carefully adjusted , the bead was found to be three-dimensionally 
trapped and able to be freely manipulated. The spring was pulled 
by moving the trapped bead, and then it was released by blocking 
the laser, initiating an oscillation. The spring was observed to be 
prolonged from its original length, and restored to its original state 
after the laser was turned off .Elongations of up to 7 μm over 
many cycles didn’t cause any elasticity failure, as evidenced by the 
fact that the spring always returned to its original length. 
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B Three Photon Absorption and Polymerization 
 
2.6 Three Photon Polymerization 
 
 3PP initiated through the non linear process of three-photon 
absorption of a photoinitiator , and induces several chemical 
reactions between starter molecules and monomers in a 
transparent resin . The probability of three-photon absorption 
by the photoinitiator is proportional to P3, where P is the laser 
pulse energy and 3 is the number of photons involved in the 
process.[38] 
 Thus, under tight-focusing conditions, three-photon 
absorption occurs only at the focal point and polymer is only 
formed within a volume on the order of λ3, where λ is the laser 
wavelength.[39] By scanning the focal point in the x, y, and z 
directions throughout the sample, the desired pattern can be 
formed.[50] 
 
 
Cross section of Three Photon Absorption 
 
 The three photon absorption  is a  nonlinear process and 
requires high intensities 1030 photon/cm2sec .Just as the two 
photon absorption cross section is proportional to Im(X(3)) the 
three photon absorption cross section is proportional to Im(X(5)). 
The analysis of three photon absorption is an extension of three 
photon absorption case .If we include three photon absorption 
equation 17 will be modified as  
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where a3 is the three photon absorption coefficient and is related to 
the imaginary part of X(5) .If we assume negligible linear and two 
photon absorption ,and a rectangular spatial and temporal profile 
the solution to this equation is  
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The three photon absorption cross section σ3 (cm6s2) is related to a3 
and the number density of the solute molecules N0 by 
 

(hv)2a3=σ3Ν0              3 
 
The TPA cross section is related also with single photon absorption 

cross section . 
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Fig 5Three layer system 
 

kjkfjkij ττσσσσ =3         4 
 
where σij is one photon cross section which is 10-16 cm2 and τ can be 
calculated by Heisenberg principle and is  10-16sec. So the TPA 

cross section is      .   
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2.7Applications 
 
 Three photon polymerization (3PP) of photosensitive 
materials allows one to fabricate complicated three-dimensional 
(3D) microstructures with sub-micron resolution . When laser is  
tightly focused into the volume of a liquid resin (which is 
transparent in the infrared), can initiate 3PP and produce 
structures with sub-micrometer  resolution.  The desired micro-
structures are created by shifting the laser focus along three 
dimensions using a piezo-stage .The non irradiated resin is 
removed using an alcohol solution after processing . 
 However, while layer-by-layer lithographic techniques allow 
precise control over defect fabrication, they are tedious, expensive, 
and limited to structures consisting of a finite number of 
layers.Three - photon polymerization is unique in its ability to 
fabricate intricate sub-micrometer 3D features because of the 
nonlinear sensitivity of the photoinitiation step to photon flux.  
 Three-photon polymerization has been reported as a 
promising technique for the fabrication of intricate 3D objects with 
sub-micrometer feature sizes, including 3D woodpile structures,[ 
38-40,42,43]] micro-machines,[44] photonic crystals [45,46] 
,microrotors driven by laser  tweezers [47] , mechanical devices 
[48,49]  
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C Future Prospects 
     
 Two and three photon photopolymerization, as an important 
method of multi-photon laser micro-nanofabrication, is expected 
to play an essential role in producing polymer-based 
optoelectronic and MEMS devices. A lot of work has been done 
along this line as previously reviewed .Future research in 
materials, optics and fabrication of functional devices are needed 
to further its use in diverse scientific research fields and industrial 
applications.  
 From a materials point of view, synthesis of two-photon 
chromophores with even higher two-photon cross-sections is 
required, so that photopolymerization may be induced by less 
expensive picosecond, nanosecond and even CW lasers for 
commercial applications. Also the high σ2 materials would enable 
polymerization simultaneously from multi-beam split out of one 
output of a laser for batch production. Also desired is the use of 
copolymerization of functional molecules and resins, or doping of 
other functional components like nano-crystals into resins, so that 
particular functions could be imparted to polymerized devices.  
 From the optical standpoint, tailoring the point spread 
function to produce a spherical voxel shape is advantageous for 
precise 3D prototyping. Another important line of work is finding 
suitable mechanisms to construct a parallel production system. 
This may be accomplished by a diffraction beam splitter or by a 
micro-lens array. The latter is preferable because (i) foci number 
increases simply by expanding the area of a lens array since a 
single micro lens occupies a fixed size, for example, 250 μm 
diameter (ii) no further focusing is needed since each beamlet is 
naturally focused after passing through the array. Measures 
should be taken to ensure a uniform power distribution for 
sensitive control of polymerization from each beam. Without the 
capability of batch production, the cost of single-beam writing 
would severely hinder the versatile industrial use of the 
technology. 
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Chapter 3       Acoustic Biosensors 
3.1 History of Surface Acoustic Wave Device 
 
 Biosensor is a system that can measure physicochemical  
changes that take place when a biological molecule reacts with  
another biological molecule . This system consists of three parts: a) 
the transducer that measures the physicochemical change and it  
can be acoustic, optical or electric, b) the biological material that is 
immobilized on the surface of the sensor and it reacts with some 
molecule added in solution and c) the electronic part that receives 
the signal from transducer and  records it using the appropriate 
software.(fig1) 
 

 
 
 
 
 
 
 
 
 
 
 
 

fig 1 Principle of operation for biosensor 
 
 The use of the acoustic waves in sensor technology relies on  
the phenomenon known as piezoelectricity which was discovered 
in 1880 by Curie brothers. In their classical experiments, plates of 
various crystals (including quartz) were subjected to applied 
pressure, the resulting electrical effect being recorded on an 
electrometer by means of tin foil electrodes. Curie brothers were 
able to verify that the application of electrical energy can result in 
crystal mechanical deformation.  
 In 1885 Lord Rayleigh confirmed the existence of elastic 
vibrations on  the surface of solid materials. Ultrasonic and 
piezoelectric resonators [51] were discovered after some years. 
Other type of bulk wave devices based on Love, Lamp or Stonely 
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waves became important in the 1950s in the development of 
dispersive delay lines for radar and sonar applications. The 
combined usage of piezoelectricity with microelectronics began in 
the 1960s, when White and Voltmer showed that 
photolithographic techniques could be employed to deposit 
interdigital transducers (IDTs) on piezoelectric substrates to 
directly excite and couple to elastic surface waves [52] . 
 The acoustic wave can propagate in a quartz biosensor with 
a variety of ways. There are two main categories of biosensors 
which use  two different types of waves; the SAW bionsensors, 
which use surface acoustic waves (SAW waves) and the BAW 
biosensors, which use bulk acoustic waves (BAW-waves) [53]. In 
the SAW biosensors, the acoustic wave propagates on the surface 
of sensor and it is the unique acoustic biosensor that can be used 
for the transaction of experiments in a liquid medium, as the wave 
propagates horizontally on its surface. In the case of the  BAW 
sensor, the acoustic wave propagates through bulk volume of the 
piezoelectric  material (Cady, 1924).The biosensors that function 
with SAW waves are much more sensitive than those that function 
with BAW waves, as they use higher frequencies in order to detect 
changes of mass on the surface of sensor (Gizeli et al., 1992a). The 
first description of a SAW chemical sensor, which was published  
by Wihtjen and Dessy in 1979, involved deposition of a sorptive 
film on the surface of the device[54,55]. The most widely used 
acoustic biosensor is the shear horizontal surface acoustic wave 
device (sh-SAW sensor) . 
 
3.2 Surface Acoustic Wave  Sensor based on Love waves 
 
 Surface Acoustic Wave  devices are favoured for their use in 
chemical sensing applications because of their small size, low cost, 
high sensitivity and reliability . The shift in phase velocity and 
attenuation is measured by recording the frequency  and insertion 
loss of SAW devices, respectively. Various effects , including mass 
loading, viscoelastic (elastic) effect loading and acousto-electric 
coupling  contribute to SAW liquid response. In addition, the SAW 
device has been employed  as a pressure sensor, chemical sensor 
[56,57], gas sensor and biosensor[58,59]. Fig 2 shows the frequency 
spectrum of an acoustic and an electromagnetic interdigital sensor. 
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The operating range of SAW sensors is from below 10MHz to 
slightly above 1000MHz . 
 Acoustic sensors can be used in extreme environments as 
liquid helium temperatures, vacuum  and in complex conditions as 
those that they prevail in biological materials systems. Today, 
certain sensors are available commercially, while other remain 
experimental tools.  

 
Fig 2 Frequency spectrum of acoustic and electromagnetic 
interdigital sensors 
 
For our experiments a 108 MHz quartz device is used. This is 
fabricated on a 0.5 mm thick piezoelectric quartz crystal, more 
specifically a rotated Y-cut (42.5) quartz with propagation 90 deg 
with respect to the x-axis. The interdigital transducers (IDTs) 
comprise of 10/200-nm thick chromium/gold electrode and 
consisted of 80 pairs of split fingers with a periodicity of 45 μm. 
Fig 3 

 
Fig 3 Acoustic Biosensor 
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3.3Characteristics of Acoustic Sensors and measurements  
 
3.3.1 Fields in elastic materials 
 
 The elastic properties of a solid are mathematically described 
by the relation between stress and strain. When applying stress to 
a body, its deformation will be approximately linear as long as the 
applied stress is small enough. For larger stresses the strain 
response to the stress will become nonlinear but will still be elastic, 
which means that the body returns to its original shape as soon as 
the impressed stresses return to zero. For even higher stresses we 
enter the range of plastic deformation where the original shape of 
the body is not recovered for zero stresses. The displacement field 
then depends on the history and phenomena such as hysteresis 
can occur. Finally, for very high stresses cracks will occur and the 
fracture point is reached. 
 Consider a cube of solid material as shown in Figure 5 . Note 
that the number 1, 2, and 3 label the x, y, and z directions, 
respectively, and that the possible stresses are denoted as Tij . The 
first subscript denotes the face on which the stress acts, and the 
second the direction of stress on the face. There is an array of nine 
stresses located in space, which is represented by the stress tensor 
[60] 

 
Fig 5 Stresses at points in space 
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 The tensor must be symmetric (due to the conservation of 
angular momentum at each point), that is, T ij =T ji and, therefore 
there are actually six independent components of the tensor. A 
second-rank tensor is termed  because it possesses two subscripts. 
The application of stress on a viscoelastic medium causes a strain 
which is represented by the strain tensor:[61] 
 

( )jiijij uuS +=
2
1

                                 2 
 
  Where uij and u ji are the displacements . For acoustic field 
problems we are mostly faced with very small displacement 
amplitudes, allowing for the assumption that we are operating in 
the linear range. 
 As it was the case for the stress tensor, due to symmetry, 
Equation 2 contains nine dependent variables. Now, the relation 
between stress and strain is expressed as follow: 
 

klijklklijklij SnScT &+=
            3 

 
 This well-known equation describes, in its more general 
form, Hooke’s law for a viscoelastic medium. The coefficients cijkl 
and nijkl  are, respectively, the fourth-rank elastic coefficient tensor 
and the fourth-rank viscoelastic coefficient tensor. For time-
varying fields, the presence of loss mechanisms will lead to 
imaginary parts for the elastic constants when using the concept of 
a complex harmonic time dependence exp (jωt). The material 
tensor c consists of 34=81 coefficients, which are not independent 
of each other. As the strain tensor and the stress tensor are both 
symmetric, the following symmetry conditions for the stiffness 
tensor can be obtained  
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 This reduces the number of independent coefficients from 81 
to 36 (considering fundamental thermodynamic properties, the 
number of independent coefficients can be further reduced to 21 .  
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3.3.2 Fields in piezoelectric materials 
 
  So far we have only discussed purely elastic media. In 
addition to the effects described above, piezoelectric media 
become electrically polarized when they are strained. This 
polarization can be explained by the displacements of the atoms in 
the solid which produce microscopic electrical dipoles. For certain 
crystal classes these microscopic dipole moments may add up to a 
macroscopic polarization. The effect is (to the first order) linear, 
which means that the polarization changes sign when the strain is 
reversed. This behaviour is called the direct piezoelectric effect, 
which is always accompanied by the inverse piezoelectric effect 
corresponding to a deformation of the solid when an electric field 
is applied.  
 The effect of piezoelectricity is restricted to certain crystal 
classes. A very simple precondition for a piezoelectric crystal is 
that it must not have a centre of symmetry. To show this, imagine 
a piezoelectric crystal with a centre of symmetry and a particular 
impressed stress distribution creating an electric field strength in 
some direction. The inversion of  the crystal and the stresses 
through the centre of symmetry should yield a field strength in the 
reverse direction. However, since the stress is centrosymmetric 
(which follows from the equilibrium of a volume element), the 
situation is the same as before and hence a centrosymmetric crystal 
cannot be piezoelectric. Note that this is only a necessary 
condition, actually one out of the 21 crystal classes being not 
centrosymmetric does not show the piezoelectric effect 
 Piezoelectricity is a coupling between the mechanical and 
electrical behaviours of a material. In other words, when a 
piezoelectric material is squeezed, an electric charge collects on its 
surface. Conversely, when a piezoelectric material is subjected to a 
voltage drop, it mechanically deforms. 
 
 
 
3.3.2.aPiezoelectric Constitutive Relations 
 
 A principle , which relates stress to strain ,is known as 
constitutive relation , and can be generalized to three- dimensional 
piezoelectric materials. It is arised if we couple Maxwell ‘s laws of 
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electromagnetism with the fundamental and equations of 
materials .The coupling between electric field and strain is given 
by the electromagnetic constitutive relations ׃
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where  Ek is the electric field , S is the strain, T is the stress  is 
the piezoelectric stress tensor, with units charge/length

ikle
2 , DI are  

the electrical displacement components  ,  εik are the dielectric 
strain tensor (6 values) ,and cij are the elastic stiffness constants .In 
these equations ,we discuss the sum over the repeated indices is 
assumed . The piezoelectric stress matrix is a third rank tensor 
,and 18 piezoelectric constants are necessary to characterize a 

piezoelectric material. The form of  for various crystal classes is 
shown in table 2.3.The piezoelectric stress coefficient e 

IJe

ikl is 
symmetric with respect to the indices l and k, while ε ik is 
symmetric with respect to the indices i and k. 
 
 
Material Symmetry  

Class 
ex1 ex4 ex5 ey2 ez1 ez3

Gallium 
Arsenide 
Lithium 
Niobate  
 
Quartz 
 
Zinc 
Oxide 

   Trig 3m 
 
Trig 32 
 
 
Hex 6mm 
 
 
Cub 43m 

 
 
 
 
 
0.171 

0.154 
 
 
 
 
-0.436 
 

 
 
3.7 
 
 
 
 
-0.48 

 
 
2.5 

 
 
0.2 
 
 
 
 
-0.573 

 
 
1.3 
 
 
 
 
1.32 
 

 
Table1  Piezoelectric Stress Constants. 
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3.3.2.bWave equation for unbounded piezoelectric materials 
 
 From the piezoelectric constitutive relations it is a simple 
matter to derive the wave equation for piezoelectric media. The 
piezoelectric wave equation is typically written in terms of the 
displacement ui coupled with an electrical potential Φ .   
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 The second term may be considered as a source term 
responsible for the generation of an acoustic wave by an applied , 
time varying electrical potential. The equation 6 represents three 
equations of four unknowns u1,u2,u3 and Φ. A fourth equation may 
be obtained from  eq 7 for an unrestrained crystal at its surfaces 
(T=0) and with no free charges ( )0=•∇ D  
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So the equation 6 will be 
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 The above equation shows the effect of coupling between 
displacement and potential in piezoelectric plane materials. 
 
3.3.3  SAW Excitation and Detection 
  
 A surface acoustic wave is excited on a piezoelectric crystal 
using an interdigital transducer (IDT). The principle of IDTs was 
first described by White and Voltmer [62].Application of a voltage 
between alternately connected electrodes imposes a periodic 
electric field to be imposed to the crystal. When an alternatie 
voltage is applied , a periodic strain field is generated in the 
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piezoelectric crystal . Thus, an acoustic wave perpendicular to 
the finger direction is excited by each finger pair. If multiple finger 
pairs exist, interference occurs yielding to a maximum SAW 
magnitude if 

                                    
vnf n λ

12 +
=

             , ,........2,1,0∈n        1 
where f is  the excitation frequency and v is the acoustic wave 
velocity of the particular mode. 
 The transducer operates most efficiently when the saw 
wavelength λ matches with the transducer periodicity d. This 
occurs when the transducer is excited at the characteristic 
frequency defined by  

                                         d
vf 0

0 =                       2 
where v0 is the saw propagation velocity 

 
 
fig 6 Interdigital transducer (IDT) for the excitation of surface 
acoustic waves. 
 
 As we saw in previews paragraphs propagation of a 
mechanical wave in piezoelectric medium is accompanied by an 
associated wave potential Φ .When the wave is incident on a 
receiving transducer , this potential induces a current flow in each 
transducer electrode. These currents are combined to produce a 
current flow in the external detection cirquit. 
 The fundamental characteristic of an IDT is its frequency 
behaviour. An exact description considering the complicated 
electrical and mechanical boundary conditions is difficult and 
generally requires the utilization of numerical approaches.  
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3.3.4  Interdigital transducer frequency response  
 
 Each transducer finger may be considered to be a discrete 
source for the generation of the surface waves in a piezoelectric 
medium because the piezoelectrically generated stress varies with 
position near each transducer finger. A simple transfer function 
relates the continuous wave (CW) voltage V1 applied to a finger 
and the electrical potential associated with the waves that 
propagate in each direction  
 

1VSμ=Φ±

                             1 
 
where μS is the substrate-dependent constant ,and Φ+ is associated 
with the rightward propagating SAW ,while Φ- is a leftward 
propagating SAW .The parameter μS is frequency independent  
and the frequency response of the transducer arises mainly due to 
the  interference between finger contributions . fig 7 

 
 
fig 7 Interdigitated transducer on the surface of quartz a)SAW 
electrical potential b) plan view c)side view 
 
 When an array of fingers is excited , as occurs with an 
interdigital  transducer (IDT) the wave potential for a rightward 
wave Φ+ evaluated at position z is a vector sum of the 
contributions from each finger. 
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where zn the position of the nth finger excited with voltage Vn and 
Nf is the total number of fingers. 
 For  Nf  identical fingers spaced periodically with spaced d 

and excited with alternating voltages ( )nV 10 −   the equation 2 will 
be for z=0 
 

( ) ( ) 2/
1

0
0 10 inkd
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n
S eV
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        3 

  This sum is a geometric series whose elements become unity 
, and add constructively , when kd/2=mπ where  m is an odd 
integer. This condition defines the relationship between saw 
wavelength λ and transducer periodicity d. The IDT excites odd 
harmonics at odd multiples of the synchronous frequency.(fig 8) 

                                            0mffm =         4 
 

 
 
 
Fig 8 Relation between transducer periodicity and excited waves 
 
 Moving away from the synchronous frequency, the addition 
odd components from individual fingers become incoherent, 
giving rise to individual response. 
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 The wave equation  as a function of the detuning parameter 
X is shown in fig 9. We can see that when X is a multiple of π ,  is 
zero a result of complete cancellation between finger 
contributions. The transducer bandwidth B between the first nulls 
on either side of the characteristic frequency  is inversely 
proportional to the number of IDT fingers. 

+Φ

 

fN
B 4
=

                7 

 
 

fig 9 Response of the Φ  of a simple IDT as a function of the  
frequency. 
 
 A narrow bandwidth is desirable for oscillator applications 
in order to avoid spurious oscillations and to improve stability. 
 
3.3.5 Delay line phase shift 
 
 One of the simplest and best known microacoustic structures 
is the delay line shown in Figure 10. The transducer IDT1 serves as 
the input for an electric radiofrequency (RF) signal which is 
transformed by means of the inverse piezoelectric effect into an 
acoustic wave travelling to the output transducer IDT2. Here, a re-
transformation takes place back into the electrical domain. Hence 
the electrical signal experiences a delay τ because the acoustic 
wave is five orders of magnitude slower than the velocity of light: 

        8       

where D is the centre-to-centre distance of the device and v is the 
v
D

=τ
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mean acoustic wave velocity.  The basic idea is to define the 
transfer function as H(f) 

( ) ( )fAnfEfH ,)( =   9 
where E(f,n) is the frequency response of a single electrode .It 
depends mainly on the transducer geometry .A(f) represents the 
Fourier transform of the spatial voltage sequence of the actual IDT 
configuration . If no transmission loss occurs, the delay line 
transfer function HDL(f ) can be written as 

                                                    10 
τπfj

DL efHfHfH 2
21 )()()( −=

 
with the transfer functions H1(f) and H2(f) of IDT1 and IDT2, 
respectively . The magnitude of the transfer function depends on 
the IDT characteristics, whereas D determines the phase φ: 
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fig 10 Typical frequency characteristics of the basic microacoustic 
structures acoustic delay line. 
 
3.3.6 PMMA as waveguide  
 
 PMMA is a polymer  which is the guiding layer for the  
acoustic waves and is used  because their very low shear acoustic 
velocity Vpmma = 1100 m s-1, as compared to that of quartz Vquartz = 
4950 m s-1 , (ρ=2,2 g/cm3),results to a high energy confinement on 
the device surface. In addition, polymer layers have several 
practical advantages, because they can be formed on the device 
surface and subsequently removed by using relatively simple 
techniques.  
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 Another critical parameter in designing a waveguide sensor 
is the thickness of the guiding layer because it affects the 
distribution of the power flow between the quartz and the 
polymer. Figure 11 gives a schematic representation of the 
variation in the power flow as a function of the over-layer 
thickness for the first mode of operation. When the thickness of the 
over-layer is much smaller than the wavelength, λ, most of the 
energy is located in the quartz substrate, and the Love wave 
propagates with a velocity, VLove, that is very close to Vquartz. When 
thicker layers are applied, but are still of a thickness smaller than 
λ, the energy is concentrated in the over-layer and the velocity of 
the Love wave tends toward Vlayer.   
 Between these two limits, the energy progressively transits 
from the quartz substrate into the layer and the velocity VLove 
varies between Vquartz and Vlayer .Finally, in addition to the energy 
distribution, the particle displacement on the surface of the 
polymer layer increases with increasing the over-layer thickness, 
which results in structures which are more sensitive to surface 
perturbations.[63] 

 
fig 11 Schematic representation of the power flow in the polymer 
over-layer and the quartz substrate as a function of the over-layer 
thickness. 
 
3.3.7 Love waves propagation in a half-space solid 
 
 In 1911, Love discovers the Love wave, which is a shear-
horizontal type of wave propagating in a guiding solid 
layer(PMMA) on top of a half-space solid as shown in Fig.12 . It is 
best known for applications in liquid sensing or sensing under 
liquid phases due to its small wave attenuation and energy loss 
into the adjacent liquid.   
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fig12 Surface transverse wave sensor (a) and Love wave sensor (b). 
  
 
 
3.3.7 aMass loading effect 
 
 When vapour is sorbed in the sensitive layer, the resulting 
mass increase leads to a wave perturbation, this phenomenon is 
called mass loading effect. The effect of a thin-mass layer 
deposited on the surface of a Love wave device is the changing of 
the frequency or velocity of the wave. The most useful way to 
describe quantitatively the effect of mass loading is by using the 
sensitivity formula Sm, which is defined as the fractional change of 
the frequency of the acoustic wave, Δf, as a result of mass loading, 
divided by the operating frequency, fo, and the deposited mass per 
unit area (hρ). By definition, mass deposition refers to a layer with 
a thickness that is negligible as compared to λLove and, thus, cannot 
act as a waveguide layer. 
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 Generally, the most useful way to describe quantitatively the 
effect of mass loading is by using the sensitivity formula Sm, which 
is the fractional change in a parameter of the acoustic wave as a 
result of mass loading divided by the value of the same parameter 
before mass loading, per deposited unit mass per unit area (hρ). 
Experimentally, the most common measurement is either 
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frequency change Δf , due to a layer of material, density ρ and 
thickness h loading the surface of the device and, Sfm is defined as 
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where Δβ is the change in the propagation constant β due to a thin 
mass loading layer of thickness h and density ρ, ω is the angular 
frequency, |uy | is the magnitude of the y-component (and the 
only non-zero component) of the velocity in the waveguide layer 
of thickness b and P is the total acoustic power flow through the 
entire trilayer structure, i.e. quartz, waveguide and liquid. The 
total power flow in the tri-layer system is given by[64] 
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 This is achieved by assuming that the substrate and the fluid 
are semi-infinite layers, hence the conditions at boundaries other 
than the  waveguide boundary will have a negligible effect on the 
wave through the waveguiding layer. The nature of the contact 
between the layers gives rise to the boundary conditions; nonslip 
conditions at the boundaries are assumed, implying that there will 
be a continuity of displacement and shear stress across the 
boundaries. Thus, the displacement due to the acoustic wave in 
the device may be expressed as three trial functions, one for each 
layer, which are connected by the non-slip boundary conditions. 
The form of the trial function is based on the geometry of the 
device, and is written below. 

 
Fig 13 Geometry of the Love waveguide 
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 All the trial functions have a propagating-wave character 
through the ei(ωt−βz) term while both the liquid and substrate 
functions decay as the wave moves further away from the 
waveguiding layer. The two solid layers are assumed to behave as 
ideal linear elastic materials and the liquid as a Newtonian fluid 
obeying the Navier–Stokes equation. By applying the boundary 
conditions to the trial functions, it is possible to derive a complex 
dispersion function F(kb), given by equation (8), along with the 
normalized displacement field equations, equations (9-11). 
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 By taking the time derivative of the displacement fields, 
equations (9-11 ), and then inserting them into the sensitivity 
formula, equation (3), it is possible to express the sensitivity of the 
device as a function of known parameters, i.e. the viscosity of the 
liquid layer η, the frequency of the wave fo, the thickness b and the 
elasticity  modulus cPMMA of the waveguiding layer and unknown 
ones, such as the wavevector k, the propagation constant β, and 
constants c and d. However, the values for k and β may be 
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evaluated numerically, using a complex pair root finding 
technique called Muller’s method .(c=upmmaρ , upmma=1100m -1 s 
ρ=1180kg/m3 and c=usubρ’ , usub=4952m -1 s,ρ’=2650 Kg/m3) 
 This gives a more complicated expression , which is a 
function of the attenuation constant in the substrate a3X and the 
wavevector in the overlayer k2x.[65] 
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 To express the measured change of phase with the 
accumulated surface mass density it is necessary to modify (12) to 
a form (33), which includes the separation between transducer 
centres, D, and the velocity of the Love wave mode,u mode  
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 This equation is valid for a wide range overlayer materials 
from the modulus polymers to high modulus materials such as 
silica. For a PMMA  thickness b=0.5128 μm and for D=0.009m the 
following parameters were calculated using 12,13  
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  The piezoelectric and anisotropic nature of the substrate and 
the transduction process have been ignored. However, as they are 
not critical to the function of the sensing area, the model is 
expected to produce valid results. 
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3.3.7.b Viscous coupling 
 While shear waves show no interaction with ideal liquids, 
there is an interaction with viscous liquids. Assuming a non-slip 
boundary condition at the sensitive surface, a thin layer of liquid 
becomes entrained with the shear movement. Solution of the 
Navier -Stokes equation in the liquid indicates that the liquid 
undergoes a shear motion which decays rapidly with distance 
form the surface. The displacement near the solid/liquid interface, 
calculate for two different fluid viscosities at 158MHz is shown in 
Fig10 . From this Figure, it is apparent that the liquid layer 
entrained by the surface becomes thicker as the liquid viscosity 
increases.  

 
fig 14 Calculated velocity profiles at the solid/liquid interface 
showing entrainment of a thin liquid layer by the SH plate mode. 
 The characteristic decay length δ of this entrainment is given 
by [ 66] 

ρω
δ n2
=

            24 
where n and ρ denote the viscosity and the mass density of the 
liquid, respectively, and ω  is  the angular frequency.  
 
 
 
 
 
 
 
 
  

fig 15 Schematic representation of interface liquid solid where 
δ  is the  acoustic wave ‘s infiltration depth 

Μεσεπιφάνεια υγρού-στερεού  
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 From the equation 24 it is obvious that the changes in the 
frequency of acoustic wave influence the depth of infiltration . 
More analytically , increasing frequency leads to a decreasing in 
depth of infiltration  so sensitivity is increased .  
 The viscous loading affects the Love wave in two ways. First, 
by the entrainment essentially represents a mass loading of the 
waveguide, which yields an according change in the wavenumber 
,κ = 2π/λ (λ denotes the wavelength) of the wave. Secondly, the 
wave becomes damped due to the viscous losses in the liquid. 
These effects can be analysed using perturbation theory , which 
yields the following expression for the relative change of the 
complex propagation constant y (scaled to the unperturbed 
wavenumber κ) [67] 

ρω
αγ nSj

k
kj

k 2
1+

≈
Δ+

=
Δ

           25 
 
 The real and the  imaginary parts of Δγ represent the 
induced damping α and the change in wavenumber Δκ, 
respectively. S stands for the device sensitivity [68], which 
describes the sensitivity of a Love wave with respect to surface 
mass loading. The wavenumber and the damping are related to th 
phase delay and the insertion attenuation of the love sensors 
respectively. S directly depends on the scaled overlayer thickness 
H/λ, which makes it a characteristic quantity depending on the 
geometry of a particular device, since the wavelength h at the 
centre frequency of the delay line is prescribed by the IDT period. 
S is furthermore related to the mass sensitivity Sm which gives the 
relative change of the wavenumber k due to a (infnritesimal) 
surface mass loading Δp: 
 

ωSSm =       where ρΔ
Δ

=
k

k
Sm

1

           26 
 
3.3.8 Theoretical of the phase shift 
 
 The changes of the velocity will be derived to the phase 
delay in an elastic half-space loaded with a fluid as shown in 
Fig.11, and the phase equations of loading without liquid and with 
liquid are as, respectively, 
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Phase of loading without liquid    
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Phase of loading with liquid          
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where L is the distance between the IDTs, d΄ is the area of liquid 
loading, λ and λ΄ are the wavelength of loading without liquid and 
with liquid respectively, and Φ0 and Φ΄ are the phase of loading 
without and with liquid, respectively. The direct wave 
transmission form one IDT to another are considered in the 
derivations and are neglected other indirect multi-transmission or 
multi-reflection of acoustic waves from the edges. 
 

 
 Fig16  An elastic half-space is under liquid loading 
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 The above equations is the relation between the fractional 
velocity change and phase delay with liquid loading. Where the 
V/ΔV is the fractional velocity change at the phenomenon of the 
change in perturbed and unperturbed surface with the liquid 
loading carrying SH waves. The ΔΦ is the phase shift with the 
liquid loading. 
 
3.3.9  Electromechanical coupling coefficient K2

 
 The electromechanical coupling coefficient K2 is a measure of 
the efficiency of a given piezoelectric in converting an applied 
electrical signal into mechanical energy associated with a surface 
acoustic wave. Here K2 and SAW velocity u represent the two most 
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important practical material parameters used in SAW design. 
(table 1)   

 
Table 1 
 For SAW wave propagation in piezoelectrics, it is shown that 
the electromechanical coupling coefficient K2 can be defined in 
terms of piezoelectric coefficient e, elastic constant c and dielectric 
permittivity ε  

εc
eK

2
2 =

           30 
 
3.3.10  Saw acoustoelectric response 
 
 When a SAW propagates in a piezoelectric material ,it 
generates a layer of bound charge at the surface that accompanies 
the mechanical wave. This bound charge is the source of the wave 
potential Φ and also generates an evanescent electric field, shown 
in fig… 

 
fig 17 Propagation of acoustic wave in a piezoelectric material 
generates an evanescent electric field that extends into the adjacent 
liquid ,coupling to ions and dipoles in solution. 
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 When a conductive film is deposited onto the saw medium 
,charge carriers in the film redistribute to compensate for the layer 
of bound charge generated by the passing surface wave. The 
current generated per area of surface I0 is  

( )PwKI Sεεβ += 0
22

0 2  
where K2 is the electromechanical coupling coefficient squared and 
ε0 and εs liquid and substrate dielectric permitivities ,respectively 
,β and P are the acoustic wave number and power density. The 
magnitude of acousto-electric  response is proportional to K2  so is 
thus substrate dependent. So sometimes acousto-electric response 
can be much greater than the mass loading effect. 
 
 
3.3.11 Controlling the sensor Enviroment 
 
 Acoustic wave devices are sensitive to a large number of 
physical and chemical measurements. These include parameters 
such as temperature ,pressure ,acceleration ,stress ,and the 
adjacent medium’ s density ,viscoelesatic properties  and electrical 
conductivity .It is crucial  the sensor environment to be carefully 
controlled in order to  to eliminate the effects of sensor cross 
sensitivities.  
a)Temperature Effects  
 Temperature has a direct effect on the operation of all 
acoustic wave devices .Ghanges in temperature are responsible for 
changes in the density of the substrate ,which changes the velocity 
of the acoustic wave . There are three main methods by which the 
effects on temperature on AW sensors be minimized 1)selection of 
low temperature coefficient materials. 2)incorporation of a 
temperature sensor and compensation circuitry or software and 3) 
active control of the sensor temperature  . 
b)Pressure effects  
 Ambient pressure can affect acoustic waves devices in two 
ways. Firstly it can hydrostatically compress the device ,resulting 
in small pertubations in the wave velocity and length of the AW 
path .Secondly it can affect the density of the fluid medium in 
contact with the device. In addition a pressure change  can perturb 
the equilibrium concentration of sorbed species (e.g. water) on the 
sensor/coating surface.  
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c)Flow rate Effects 
Flow conditions and geometry of the surface 

 
fig 7 Schematic of liquid flow cell with overlapping developing 
boundary layer schematic. Boundary layer shown for laminar flow 
in the middle of sensing area. δ is the boundary layer thickness. 
Drawing not to scale. 
 Analogously in flow situations, there is a thin static medium 
at surfaces called the “boundary” layer (Fig 7). In this layer, the 
velocity and concentration of a species changes from that in the 
bulk of the solution to that at the surface. Flow conditions and 
geometry of the surface strongly affect the thickness of this 
boundary layer, which correspondingly affects the mass-transfer 
resistance of a species from the bulk to the surface.  
 Mass transfer is sensitive to velocity in the flow direction, vx

(fig 7) , and for our geometry is simply the flow rate divided by the 
cross-sectional area. With flow rate at 40 μL/min and cross 
sectional area of 0.08 cmx0.391 cm, vx was 0.021 cm/s. The 
Reynolds number (Re) in the flow direction is given by 

n
xvx

x
ρ

=Re
 

where ρ is the density of flowing medium and n is the viscosity of 
flowing medium. At the end of the flow cell, with vx = 0.021 cm/s, 
ρ=1.0 g/cm3, n= 0.01 g/cm s, and L = 0.391 cm, ReL =0.81. For such 
low Re, flow is laminar.[69] 
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 Using the Blasius approximation, the thickness of the 
boundary layer for laminar flow, δ(x), at both boundaries at a 
certain distance x from the entrance of the flow is calculated: 
 

( ) ( )5,0Re72,1 −= xxxδ  
 
 At the end of the flow cell, the boundary layer thickness, 
δ(L), is 0.75 cm. A simple approximation to estimate a lower limit 
of mass transfer is used: laminar flow at the same velocity over a 
flat plate (the case when there is no top boundary in the flow cell). 
 At low flow rates , and with the appropriate cell design , the 
flow over the sensor surface can be laminar .This may increase the 
apparent response time of the sensor  because the vapour 
molecules will need additional time to diffuse through the 
boundary layer immediately above the coating. Turbulent flow, 
which is encountered at higher flow rates .Turbulent flow ,  which 
is encountered at higher flow rates can result in faster response 
since the boundary layer thickness is reduced.  
 
 
 
3.4 Love wave device Advantages and Disadvantages 
  
 Because the acoustic energy is trapped near the micro-
device’s surface and it is not diffused in the device they are much 
more sensitive sensors toward to bulk wave (eg QCM) 
 Moreover SAW devices  detect molecular interactions in real 
time.  SAW devices operate in high frequencies so they are more 
sensitive in the reactions that happen on surface. When the device 
is made of lithium tantalate or lithium niobate this sensitivity is 
increased even more. 
 Since the detection happens only on the surface of the device 
, this means that that the behind part of the device can be 
connected in something else without problems with the signal. 
This does not happen with  bulk wave devices (eg QCM) because 
the waves interact with the two surfaces. 
 A disadvantage is that the research based to acoustic devices 
is carried out finally only years and thus will need enough time fo 
using  in a wide and potentially commercial scale (Tullier M., 2004) 
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Chapter 4    Materials and Methods 
 
4.1.1ORMOCER polymer 
 
 ORMOCER stands for ORganically MOdified CERamic and 
it is a family of organic-inorganic hybrid polymers created by the 
Fraunhofer Gesellschaft (Fraunhofer-Institut fur Silicatforschung, 
Wiirzburg, Germany)[70]. Because of their physical and 
chemical properties which result from their hybrid nature 
inorganic–organic polymers have been developed and tested for 
evaluation in optical and electrical interconnection technology 
over the last decade [71]. The specific ORMOCER used in this 
work is a hybrid developed for optical applications so that shows 
high transparency in the visible and near infrared ranges. It consist 
s of an inorganic Si-O-Si backbone and the polymerizable 
functionality is introduced into the system by organic side chains 
R, e.g., (meth-) acryl groups.(Fig. 1). The optical and  mechanical 
properties, that is,  absorption  and refractive index, are controlled 
by the other side chains such as methoxy (Me) and phenyl (Ph) 
groups. 
 

 
fig 1Chemical structure of ORMOCER polymers. Methoxy (Me) 
and phenyl (Ph) groups are linked to the inorganic Si-O backbone.  
 
  
 The light sensitivity of the ORMOCER-type hybrid polymers 
in combination with appropriate photoinitiators permits the 
photolithographic fabrication of optical microstructures. In the 
specific ORMOCER used in this work, initiation of  the free-radical 
photopolymerization process  is due to a photoinitiator Irgacure 
369 (fig 2), which  absorbs strongly in the UV wavelength range 
around 350 nm (fig 3). 
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fig 2 Chemical structure of Irgacure 369 
 

 
fig 3 Absorption spectrum of ORMOCER 

 
 
4.1.2 Production of ORMOCER 
 
 The ORMOCER used in the worked is obtained prepared 
from Microresist (Germany). The preparation of the material is, 
however, straightforward and described below. 

 In order to either achieve a suitable inorganic–organic 
hybrid polymer, an inorganic backbone is established via poly 
condensation (alkoxylation) of diphenylsilanediol (P2) and 3-
methacryloxypropyltrimethoxysilane (MEMO) referred to as 
ORMOCER I.  Fig.4 shows the reaction scheme for the resin of 
ORMOCER_I which is used as the core material for optical 
waveguide applications, where P2 and MEMO react using a 
suitable catalyst at an elevated temperature. 
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( ) ( ) MeOHnePolysiloxaOHSiROMeRSi 2223 +>−′+  
where R is the methacrylic group and R2’ is the diphenyl. 
 

Fig4 Reaction Scheme of silane precursors of polysiloxane network 
used as polymer core material. ORMOCER I results after UV 
polymerization of the organic group R . 
 
 After this reaction, volatile products such as methanol 
(MeOH) are evaporated resulting in a viscous, storage-stable 
ORMOCER resins [72]. 
 
 
4.1.3 Polymerization of ORMOCER 
  
  The infra-red laser passes through the out of focus 
photosensitive resin with no absorption. Nonlinear absorption of 
laser pulses breaks chemical bonds on starter photoinitiator 
molecules within a small focal volume. The monomers react with 
with radicalized starter molecules to create radicalized 
polymolecules. Reactions are terminated when radicalized 
polymolecules react with one another. The main reaction series in 
three photon-induced polymerization is shown below 

∗∗∗

∗

+⎯→⎯+

⎯→⎯

MAMA
AA hv3

                  Initiation 
∗
+

∗ ⎯→⎯+ 1nn MMM                         Propagation 
mnmn MMM +

∗∗ ⎯→⎯+                   Termination 
where A is photoinitiator, M is monomer and M* is growing 
radical. 
 The self-organizing character of photosensitive polymers like 
ORMOCER arises from the change of the material density during 
the polymerization process. This density change corresponds to a 
change in the refractive index. This index change is permanent and 
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saturable. As long as oxygen is kept away, the nonlinear response 
is available directly after the illumination is started, when the first 
photons are absorbed by the photoinitiator . If the inhibition by 
oxygen is not avoided, a certain threshold energy Ethres has to be 
passed to get over the inhibition of the polymerization due to the 
interception of free radicals. Once  the polymerization reaction is 
initiated, the refractive index grows fast at first .This is because all 
radicals find directly suitable reaction partners after short 
diffusion lengths in their closest neighbourhood. The index change 
passes then over into saturation with a slowly rising index, 
owning to the more and more limited mobility of monomer 
radicals in the partly cross-linked polymer matrix. In addition, the 
radicals have to diffuse longer to find available reaction partners. 
So the reaction velocity slows down, and the polymerization 
terminates. Besides the basic material properties, the nonlinear 
response depends strongly on a set of process parameters, such as 
the exposure intensity and the photoinitiator concentration and 
type. 
  
 
4.1.4 General Properties of ORMOCER 
Porosity and density 
 
 Classic ORMOCER is a dense material and its density lies 
between 1.1 and 1.6 g/cm3 which is slightly above the range for 
organic polymers ,but well below the density of oxide 
materials(2.2g/cm3)  
 
Mechanical and Thermal Properties 
 
 The inorganic structures of ORMOCERs are responsible for 
their high stiffness and hardness compared with organic polymers. 
Due to their transparency and easy of processing as lacquers 
ORMOCERs find widespread applications as coatings which 
exhibit high mechanical strength, hardness and abrasion 
resistance. 
 ORMOCER materials demonstrate mechanical properties 
that may vary from those of polymers to those of ceramics .For 
example ,Young’s modulus values for ORMOCER materials may 
be adjusted between 1Mpa and 4000Mpa and thermal expansion 
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coefficients from 183 to 67x10-6K-1 through the use of various 
precursors. 
 
Optical and Electrical Properties 
 
 The high optical transparency of ORMOCERs is mainly due 
to their amorphous nature and their lack of structures absorbing 
light in the visible region ORMOCERs in their non-modified form 
are highly electrically insulating materials comparable to inorganic 
glasses and non-polar organic polymers. In addition, ORMOCERs 
adhere very well on most substrates such as (metallized) Si wafers, 
inorganic glasses and polymers 
 ORMOCER materials demonstrate optical transparency in 
the 1600nm range, refractive indices in the 1.47-1.56 range, and low 
optical losses in the near infrared range. These materials remain 
stable to 350°C in an oxygen atmosphere and exhibit duroplastic 
behaviour on heating. 
 ORMOCERs are highly insulating materials with bulk 
resistivities in the range of 1013-1016Ω cm. Therefore they show 
good passivation properties for electronic applications , due to 
their good adhesion to most of the interconnection materials and 
good barrier properties.[73] Their low dielectric constant makes 
them good candidates for interlayer dielectrics in electrical 
interconnection technology.  
 
4.1.5 Applications of ORMOCER 
Fabrication of 3D microstructures 
 
 Three photon polymerization (3PP) of photosensitive 
materials allows one to fabricate complicated three-dimensional 
(3D) microstructures . When they are tightly focused into the 
volume of a liquid resin (which is transparent in the infrared), 
femtosecond laser pulses can initiate 3PP and produce structures 
with submicrometer  resolution.  The desired microstuctures are 
created by shifting the laser focus along three dimensions using a 
piezo stage .The non irradiated resin is removed using a developer 
solution after processing. 
 
Fabrication of photonic crystals 
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 Liquid resins, like ORMOCER, are used to fabricate photonic 
crystals because they exhibit high transparency in the visible and 
near infrared ranges by  means of 3PP .The rods have a thickness 
of 300nm  and the woodpile structure possesses a photonic band 
gap in the near infrared spectral range. The central frequency of 
the bandgap can be tuned by varying the period of the crystal. 
74,75 
 

 
fig 5 SEM images of woodpile structures fabricated by means off 
2PP in ORMOCERs 
 
Medical applications 
 The precision of 2PP along with the unique properties of 
ORMOCER allow the development of microneedle arrays for drug 
delivery. Micron-scale needles can increase skin permeability and 
improve the transdermal delivery of macromolecules. Arrays of 
these needles could provide painless injections to people suffering 
from diabetes, blood  clotting or other disorders .[86] 
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4.2 Eosin Y-sensitized acrylate composite 
 
4.2.1Synthesis 
 
 The photo-polymerizable system used in this work is an 
acrylate-based photo-polymer and  consists of three basic 
components: a sensitizer dye, an amine co-initiator and a 
multifunctional acrylate monomer. Pentaerythritol triacrylate 
(PETIA, Aldrich, Fig. 6a) forms the backbone of the polymer 
network. N-methyldiethanolamine (MDEA, Aldrich, Fig. 6b) is 
used as a co-initiator and Eosin Y (2-, 4-, 5-, 7-tetrabromo-
fluorescein disodium salt, Aldrich, Fig. 6c) as sensitizer dye 

 
fig 6Molecular structures of the polymerisable materiala)PETIA   
b)MDEA  c)Eosin Y 
 
 This system is particularly sensitive in the spectral region 
from 450  to 550 nm, where the two-photon absorption window for 
the 1028 nm laser lies. [82] Fig. 7 shows the normalized absorption 
spectrum of the PETIA/MDEA/Eosin Y composite, taken using a 
Cary 50 UV–vis/IR spectrometer. The material exhibited no 
absorption above 1000 nm and absorbed very strongly in the green 
spectral region, where the two-photon absorption window of the 
laser used lied. The absorption in the green was due to the 
addition of Eosin Y. 
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fig 7Absorption Spectrum of the polymerisable material 
 
 
 
 
4.2.2Photopolymerization of Eosin Y 
 
 The two-photon polymerization reaction is initiated through 
a radical process. Two components are involved in radical 
formation: a dye capable of absorbing two-photons of infrared 
radiation and an amine that can be oxidized by the triplet state of 
the dye. Once the radicals trigger the polymerization, the 
monomers polymerize, developing into a three-dimensional 
network ,reach the gel point, and finally vitrify. 
 
Step 1. Sensitization—formation of the triplet state of the dye 

∗∗ ⎯→⎯⎯→⎯ DyeDyeDye hv 312
 

 
Step 2. Radical formation—electron transfer from the amine to the 
dye, followed by proton transfer. 

[ ]+•−•∗ −−−⎯→⎯+ RHDyeRHDye 33
 

      (ion radical pair) 
[ ] ••+•• +⎯→⎯−−− RDyeHRHDye3

 
 
Step 3. Initiation of the polymerization 

•• +⎯→⎯+ MRMR  
 
Step 4. Propagation 

•
+

• ⎯→⎯+ 1nn RMMRM  
Step 5. Termination 
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 The sensitivity of the system is characterized by the dose of 
energy it has to absorb to reach the gel point Egel. The dose of the  
absorbed energy, before the polymerization itself occurs ,is called 
the threshold dose Eth and is related to the inhibition of 
polymerization by oxygen. Oxygen is known to prevent radical 
photopolymerization either through deactivation of the triplet 
state of the photoinitiator (precursor of radical species) or by 
trapping the initiating radicals themselves through peroxidation 
(Fig. 8)[83]  

 
fig 8 Schematic representation of the effect of oxygen in light 
induced radical polymerization 
 
 At the end of the inhibition period, the absorbed energy is 
used to form the 3D polymer network; polymer chains start 
growing and the crosslinking reaction proceeds rapidly. Gel is not 
formed immediately and, at the onset of polymerization, the 
mechanical properties of the material are not strong enough to 
stand a washing off development .  Mechanical resistance appears 
only when the dose received by the system is greater than Egel. 
 The work reported in this paper has been obtained with the 
following reference formulation: Pentaerythritol triacrylate10 ml: 
N-methyldiethanolamine 0.1 ml: Eosin Y 10mg (dissolved in 0.5 ml 
of methanol). 
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4.3 Polystyrene 
 
 Polystyrene is an inexpensive and hard plastic vinyl 
polymer. As for its structure  , it is a long hydrocarbon chain ,with 
a phenyl group attached to every other carbon atom . It is 
produced by free radical vinyl polymerization , from the monomer 
styrene. 

 

 
fig 9Polystyrene Structure 

 

 Polystyrene offers strength and durability without adding 
significant weight .Since the water absorption is so low and the 
compressive yield strength so high ,it provides good a protection 
against moisture and is able to maintain its shape for long periods 
of time.   
  
 
 
 
 
Photobiotin and Avidin Chemistry 
4.4.1 PhotoBiotin 
 
 It is possible to selectively attach different biological 
molecules in precise areas of a surface by using a combination of 
self-assembly and photactivation. The method is based on the 
interaction between streptavidin (or a deglycosylatcd form of 
avidin, avidin D) and  of the ligand biotin, which is functionalized 
with a photoactive group and is thus referred to as a photobiotin. 
 Photobiotin is a heterobifunctional molecule which consists 
of three distinct regions  a biotin group, a linker arm and a 
photoactivable aryl azide moiety.(fig 10) The biotin group is 
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located at the one  end of the molecule and  is responsible for  the 
ability of photobiotin to  interact with avidin molecules. Biotin (or 
vitamin H)(fig 11) is a small biologically active molecule with a 
molecular weight of 244,31 Da which acts as a co-enzyme in living 
cells. The two parts of the molecule are joined together by carbon 
linker. 
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Fig 10 PhotoBiotin 
 

 
fig 11  Biotin 

 Upon exposure to UV light in the region 240-370nm the aryl 
azide converts to an aryl nitrene. This reactive species is capable of 
covalently attaching to C=C and C bonds. Moreover the 
photoactivable group undergoes photolysis to generate 
intermediates that can insert readily into the chemical bonds of 
polymer substrates.[85] (fig 12) 
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fig 12a)UV Exposion b)Binding of Photobiotin on the ORMOCER 
c)Binding of Photobiotin to Avidin 
 
 A wide range of macromolecules including proteins, 
polysaccharides and nucleic acids can be readily linked to biotin 
without serious effect on their biological, chemical or physical 
characteristics.  
 
 
4.4.2 Avidin-Streptavidin 
 
Avidin is an egg-white derived glycoprotein. Each subunit consists 
of 128 amino acid residues and one glycomoiety attached to 
Asn17. The molecular weight of avidin is about 62KDa. The 
tetrameric structure of avidin (has four binding sites for 
photobiotin) makes it possible to bind both to biotin and 
biotinylated molecules groups on surfaces.(fig 12 c) The avidin 

 80



molecule is like a big magnet that grabs the smaller biotin. The 
sandwiched structure leads to an irreversible covalent binding 
with a high affinity of Ka=1x10-15M-1. 

 

 

fig 13 Avidin 
 
 Streptavidin is a bacterial protein from Streptomyces 
avidinin. It is homologous in structure with chicken avidin . 
Avidin and streptavidin are both very stable proteins .Streptavidin 
also binds to biotin extremely tightly ,but around 100-fold less 
compared to avidin Ka=1x10-14M-1.[85] 
 Atto dyes are a comprehensive series of fluorescent dyes, 
which cover the entire spectrum of visible light, match the most 
common output wavelengths of excitation light sources but also 
common lasers provide brightest fluorescence with narrow 
fluorescence emission spectra and finally  show extraordinary 
photostability 
 These properties enable the parallel imaging of different 
targets in cells, tissues or other biological samples. Figure 1 shows 
characteristic absorbance- and emission spectra of the atto dye 
family.  
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fig 14 Atto 565 Fluorescence substance 
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Figure 15: Absorption and emission spectra of  Atto 565  Atto 565 
has λmax abs=560 nm and λmax em=585 nm . 
 
4.5 Protein IgG 
 
 Immunoglobulin G (IgG) is an antibody (Ab) ,which is 
characterized as all the antibodies do ,from its ability to recognize 
and bind specifically to molecules of Antigen(Ag) that offend an 
organism and at second to activate a line of biological molecules 
and cells that have aim the removal of antigen from the organism. 
 IgG is a protein with molecular weight ~ 150kD that is 
constituted from two heavy chains and two light polypeptide 
chains  .The two heavy chains are linked with each other with 
disulphide bonds and each of  the heavy chains are linked with the 
light via disulphide bond.This protein molecule presents an axis of 
symmetry since  the two heavy, and the  two light chains are 
identical. 
 

 
 

Fig 16 Structure of IgG 
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 The importance of protein IgG is interwoven with its faculty 
to response immediately afterwards its excretion, in offences of 
organism from a line of contagious factors. This is realised via the 
interaction of IgG with antigens of the surface of contagious 
factors. 
 The technology of biosensors used the molecules of 
immunoglobulins for the creation of anoso-biosensors with 
various applications. One of them is the creation of amperometric 
anoso-sensors for the immobilisation of biotinylated  
immunoglobulin G from rabbit (rabbit IgG) in modified surfaces of 
avidin (Darain, F. et al., 2003) but also the detection rabbit IgG 
from anti-IgG (Gooding, J.J et al., 2004).  
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Chapter 5   Experimental Results 
 
A Two Photon polymerization of an Eosin Y sensitized acrylate 
composite 
                 
5.1.1 Purpose 
 
 An innovative technique ,the 2PP of an acrylate composite, 
was developed for built 3D structures bottom up layer by layer 
using  an infrared femtosecond laser at 1028nm . The composite 
consisted of an acrylate monomer, a free-radical co-initiator and a 
photo-sensitizer. The material was transparent to infrared laser 
radiation and absorbed strongly in the visible spectrum. Scanning 
the tightly focused laser beam, we achieved polymerization and 
solidification of the material. Due to their versatile optical and 
chemical properties and their ability of mixing with active 
molecules, the materials described in this work are particularly 
useful for a variety of applications such as photonic devices, 
actuators and micro-fluidic devices. In addition, as both the single 
photon and the two-photon wavelengths are not in the ultraviolet 
part of the spectrum, this technique is particularly promising for 
incorporation into the photo-polymer of active molecules that are 
sensitive to UV radiation. 
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5.1.2 Experimental set-up 
 
 The set-up for the fabrication of three-dimensional 
microstructures by two-photon micro stereolithography is shown 
in Fig. 1. The laser used is an Amplitude Systems t-pulse laser 
femtosecond oscillator operating at 1028 nm. This source is a 
compact diode-pumped femtosecond laser oscillator with an 
average lazer power of 1W delivering a series of high energy, short 
duration pulses of less than 200fs and a repetition rate of 50MHz. 

 
 

Fig. 1 Experimental set-up 
 
 By moving the laser focus in a  three-dimensional manner 
through the liquid, three-dimensional structures can be 
fabricated.[87] The photopolymerized structure was generated 
using an x–y- galvanometric mirror digital scanner (Scanlabs 
Hurryscan II), controlled by SAMLight (SCAPS) software . 
SAMlight software allowed the drawing of varius stuctures built 
layer by layer .The scanner had been adapted to accommodate a 
high numerical aperture focusing microscope objective (Nikon 
50×, N.A. = 0.8). The lateral resolution of our objective is given by : 
 
                                     r = 0.61λ/N.A. = 785 nm  
 
and the axial resolution by  
 
                                     r=2λn/(N.A.)2 = 3.2μm.  
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 Movement  on the z-axis was achieved by a single-axis 
piezoelectric stage (PI) and beam control by a mechanical shutter 
(Uniblitz). The piezoelectric stage and the shutter were computer 
controlled via a National Instruments LabVIEW program. Beam 
intensity was controlled using neutral density filters. A CCD 
camera was mounted behind a dichroic mirror for online 
monitoring of the two-photon polymerization process. This is 
made possible as the refractive index of the originally liquid 
photo-polymer changes during polymerization, so that the 
illuminated structures become visible during the building process. 
 
5.1.3 Experimental Process-Results 
 
 The material was prepared following the reference 
formulation .We placed a drop in the middle of a coverslip and on 
the sample holder. Most important, we had to find the interface 
glass – substrate and this was achieved moving the laser beam at 
the z axis and detecting the second reflection of the focal spot .The 
structures were built bottom up layer by layer by repeating the 
same pattern over several layers depending on the desired 
thickness .As the material was very viscous and the build process 
lasted less than a minute, material drifting was not an issue. 
 The fabrication was controlled by three parameters ,the 
number of loops for each layer ,ie the number of times the 
scanning is repeated at a same z value ,the galvo mirror scanning 
speed and the power of the laser regulated by filters .Several 
structures were built with varying these parameters .  
 The first component built by two-photon polymerization 
consisted of 9×10 square cells array.The component was built by 
repeating the same pattern over 15 layers with a 1 μm separation 
thickness. The separation thickness was smaller than the lateral 
focal length of the lens therefore  the adhesion between the layers 
was adequate.(fig 2) 
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Fig. 2. SEM image of the component built by two-photon 
microstereolithography. 850xmagnification. 
 The galvo scanning speed used in all cases was 7mm/s. For 
the same galvo speed, several laser powers were investigated. The 
lowest laser energy per pulse that appeared to polymerize the 
material was found to be 2.5 nJ, which corresponds to a laser 
fluence of 0.13 J cm-2. The components were made using this 
minimum laser pulse energy. 
 After the completion of the component building process, the 
sample was developed for approximately 20s in methanol and 
then it was dried. Following the washout, the samples were coated 
with a few nanometers thick gold-palladium layer and their 
structural properties were investigated in a scanning electron 
microscope (SEM). The gold–palladium layer is essential since the 
surface of the structure must be conductive for being investigated 
in the sem.The results are depicted in Figs  2 and 3. 
 

 
Fig. 3 A 4000xmagnification of a feature of the component of Fig. 2. 
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 Moreover a hollow gear and a filled gear were built with the 
same conditions as above . 
 

 
fig 4 A filled microgear 

 
 

 
fig 5 A hollow microgear 

 
 All the components  appeared to suffer from distortion due 
to shrinkage .This was an important problem we had to deal with 
during the experiments. On the materials front ,the problem is 
greatly reduced by using a mixture of oligomers as the polymers 
backbone .When oligomers are photo-polymerized the volume 
reduction is smaller compared to monomer polymerization .  
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5.1.4 Conclusions 
 
  Microstructures with dimensions of tens of microns have 
been built with polymer composite with a lateral resolution of 1 
μm. It has been shown that the axial resolution enables the 
building of more complicated structures by scanning layers with 
different patterns. More experience on this technique and on the 
materials has to be acquired in order to build structures with a 
design giving rise to a concrete application. The material and the 
innovative method of two-photon polymerization are promising 
for the  incorporation of active molecules that are sensitive to UV 
radiation. 
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B Construction of three dimensional structures by three-photon 
polymerization                 
 
5.2.1 Purpose 
 
 Three-photon polymerization of an organic –inorganic 
material known as ORMOCER was used for building 3D 
structures layer by layer using  an infrared femptosecond laser at 
1028nm. The material was transparent in the visible  and near 
infrared ranges. By scanning the tightly focused laser beam, 
polymerization and solidification of material was achieved.  This 
non linear technique of polymerization leads to the construction of 
photonic crystals and miniature models of very high resolution. 
 
 
 
5.2.2 Experimental set-up 
 
 The set-up for the fabrication of three-dimensional 
microstructures by three photon  polymerization is the same used 
for the 2PP .By moving the laser focus in a  three-dimensional 
manner through the liquid, three-dimensional structures could be 
fabricated. The photopolymerized structure was generated using 
an x–y- galvanometric mirror digital scanner (Scanlabs Hurryscan 
II), controlled by SAMLight (SCAPS) software .SAMlight software 
allowed the drawing a variety of stuctures built layer by layer .The 
scanner had been adapted to accommodate a high numerical 
aperture focusing microscope objective (Edmund Scientific  100×, 
N.A. = 1.25). The lateral resolution of our objective is given by : 
 
                                     r = 0.61λ/N.A. = 501 nm  
 
and the axial resolution by  
 
                            
                                    r=2λn/(N.A.)2 = 1.3μm.  
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5.2.3   Methodology- Building polymer 3D structures by          
 three   photon polymerization 
  
 
a)Using objective 100X 
 The material was prepared following the reference 
formulation .A drop was placed in the middle of a coverslip and 
was placed on the sample holder.Moreover the most important 
thing was to find the interface glass – substrate which was 
achieved moving the laser beam at the z axis and detecting the 
second reflection of the focal spot . The objective of the scanner 
was immersed in oil for index phase  matching (noil=1.515).The 
structures were built bottom up layer by layer by repeating the 
same pattern over several layers depending on the thickness 
desired .Fig 6[8] 

OIL

ORMOCER 

GLASS

 
Fig 6 Laser focusing into the material 

 
 The fabrication was controlled by three parameters ,the 
number of loops for each layer ,ie the number of times the 
scanning is repeated at a same z value ,the galvo mirror scanning 
speed and the power of the laser regulated by filters .Several 
structures were built with varying these parameters .  

 92



 The first component built by three -photon polymerization 
consisted of 5x5 square cells array (fig 7). It consisted of five step- 
in squares and four vertical and horizontal lines .The component 
was built by repeating the same pattern over 15 layers with a 1 μm 
separation thickness. The separation thickness was smaller than 
the latera focal length of the lens ,therefore there was adequate 
adhesion between the layers. 
 

 
Fig 7. SEM image of the component built by three-photon 
microstereolithography. 1500xmagnification 
 
 The galvo scanning speed we used in all cases was 750μm/s. 
For the same galvo speed, several laser powers were investigated. 
The lowest laser energy per pulse that appeared to polymerize the 
material was found to be 0.8 nJ , which corresponds to a laser 
fluence of 0.1 J cm-2. When the laser energy per pulse was 
increased to more than 1nJ ,the material was compromised . All 
the components were made using this minimum laser pulse 
energy. 
 After the completion of the component building process, the 
sample was developed for approximately 3 min in 50-50 solution  
of isopropanol ,4-methyl-2-pentanone  and also rinsed in 
isopropanol. Following the washout the samples were coated with 
a few nanometers thick gold-palladium layer and their structural 
properties were investigated in a scanning electron microscope 
(SEM). The gold–palladium layer is essential since the surface of 
the structure must be conductive for being investigated in the sem. 
Figure 8 shows a 20000x magnification of the same component .It 
can be seen that the resolution was at least 500nm which is the 
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same as the focused beam waist . This clearly indicates that the 
effect is nonlinear and not thermal. 
 

 
fig 8 A magnification  20000x of a feature of the component of fig 5 
 
 All the components built appeared to suffer from distortion 
due to shrinkage . Fig 9 shows a 1500 magnification of the 
component where the distortion can be clearly seen. This was an 
important problem we came face to face with during the 
experiments. On the materials front ,the problem is greatly 
reduced by using a mixture of oligomers as the polymers 
backbone .When oligomers are photo-polymerized the volume 
reduction is smaller compared to monomer polymerization .  
 

 
fig 9 Distortion of the component 

 
 ORMOCER containing Irgacure 369 is a material designed to 
be highly transparent in the visible spectrum and particularly at 
514 nm ,which is the wavelength for two-photon  polymerization 
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with our laser. In contrast, the absorption is approximately 
300dB/cm at 343nm, which is the three photon polymerization 
wavelength for our laser.   
 
b)Using objective 50x 
 
 ORMOCER was applied on holder following the previous 
process . The objective 50x was used for focusing the laser beam 
into the material .The galvo scanning speed was 800μm/sec,the 
laser energy was 0.8nJ and the laser fluence was 0.1J/cm2 .Fig 10 
shows 16 columns with 10μm thickness. The really galvo scanning 
was 10mm/sec for drawing a column with length 0.1mm . But the 
real structure had length 8μm so the galvo speed was 800μm/sec . 
 

 
fig 10  SEM image of the columns built by three-photon 
stereolithography. 1200xmagnification 
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fig 11  SEM image of the columns from another view 
1200xmagnification 
5.2.4 Conclusions 
 
 In conclusion, we built components employing multiphoton 
polymerization using a compact femtosecond laser source 
operating at 1028 nm. This is the first time this wavelength has 
been employed in multi-photon polymerization (three-photon for 
ORMOCER®, two-photon for the acrylate-based photo-polymer). 
By employing multiphoton processes, we fabricated three-
dimensional structures of sub-micron resolution in both materials 
[15].Consequently, this non-linear technique of polymerization 
opens the road in the construction of photonic crystals and 
miniature models of very high resolution. 
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Chapter 6 Experimental Results 
 
A.Tracing of biomolecules interaction using an acoustic  
technique. 
 
Experimental Set-up 
 
6.1.1 SAW device 
 
For our experiments an surface acoustic wave sensor operating at 
108 MHz was used . This device was fabricated on a  0.5 mm thick 
piezoelectric quartz crystal, specifically a rotated Y-cut (42.5) 
quartz with propagation 90 deg with respect to the x-axis.  The 
microdevice consists of a set of electrodes  which are on the same 
surface named interdigital transducer(IDTs).  The IDTs were 
consisted of 10/200-nm thick chromium/gold electrode and 80 
pairs of split fingers with a periodicity of 45 μm.(fig1) 

 

 
Fig 1 SAW device 

 
 On the  surface of the biosensor ,where the acoustic wave is 
transmitted, a 1.2 μm thick waveguide layer of poly(methyl 
methacrylate) (PMMA) was deposited by spin coating at 4000 rpm  
for 40 sec with a 17% solution of medium molecular weight 
PMMA (Aldrich) .ThePMMA-covered devices were heated to 195 
°C for 2 h to facilitate solvent evaporation. The operating 
frequency of the acoustic waveguide device was 105 MHz. To 
minimise interfering reflections during experiments the device 
was measured with scotch tape on the back 
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6.1.2 Device Holder 
 
The biosensor was placed in a proper case (fig 2), the device 
holder, which consists of two golden platters and keeps it in a 
constant place. The flow cell is applied upon the device holder and 
it is placed on the free surface  between the IDTs. In addition it is 
connected with the network analyser that measure the phase and 
the width of the outcoming acoustic signal . 

 

 
fig 2 Device holder 

 
6.1.3 Network analyzer 
 
 In practice, the changes in the attributes at the interface are 
detected by measuring the amplitude and the phase of the acoustic 
wave. The amplitude is related to the efficiency during 
propagation of the acoustic wave in the surface .The amplitude  is 
measured  in dB and indicates the changes in the viscosity at the 
interface liquid/solid. The phase is related to the  speed of the 
acoustic wave, substantially it is that is to say the speed with 
which constant point of phase of wave is transported along the 
propagation axes. The phase is measured in deg and the changes 
that are observed are related  mainly to the changes of mass at the 
interface. 

 
fig 3 HP 4195A Network Analyzer 
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 A network analyzer HP 4195A (fig 3) was used for 
calculating the  characteristics of acoustic waves over some 
frequencies of the applied current .Network analyser is connected 
with a computer in order to record the characteristics of the 
acoustic signal for certain frequency . During experiments a  3MHz 
region of the frequency spectrum near the maximum operating 
frequency was scanned every 43 sec to monitor the signal and 
collect the data. 
 

 
 
fig 4 Amplitude response of an acoustic wave for a wide range of 
frequencies 
 

 
fig 5 The phase (fouxia colour) and the amplitude as they appear 
in network analyzer for a small spectrum of frequencies (3 MHz) 
 
 The frequency spectrum ranges  from 10Hz to 500MHz with 
an excellent 0.001 Hz resolution for audio, baseband, HF, VHF and 
IF applications.  
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 It directly measures amplitude ratio, phase, group delay and 
spectrum level needed for characterizing linear/non-linear 
analogue circuits or components used in communications, 
telecommunications, consumer electronics and other equipment. 
Furthermore, the HP 4195A has internal user functions for 
computing and self controlling capability.  
 
6.1.4 Peristultic Pump-Vacuum Oven  
 
 The solutions (PBS, Avidin) that  are passing from the 
surface of the device are transfered via a system continuous 
flow(flow cell)fig 6 with pipe diameter 0,25 μm. The Perspex flow 
cell with  a silicon rubber gasket was used to hold the solution  in 
place over the region of the device between the IDTs exposing an 
area of 12 mm2. The flow cell conserves the flow of the solution at 
a steady rate (55μl/min). In our experiments a peristaltic pump 
Gilson Minipuls 3 was used.  

 
fig 6 Flow cell 

 
 In the experiments we used a vacuum oven which is ideal 
for drying, curing ,desiccating ,annealing  and outgassing. It is 
configured to work  with reduced pressures.   For biomolecule 
patterning, the 3D components were covered with a photobiotin 
solution .The solvent was removed by drying the samples under 
vacuum at room temperature. Moreover after we applied 
photobiotin on the surface of the sensor ,it was dried under 
vacuum at room temperatures in the dark for approximately 1 h. 
 
6.1.5 Preparation of PMMA waveguide 
 
 PMMA is a polymer  which is the guiding layer for the  
acoustic waves and is used  because their very low shear acoustic 
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velocity Vpmma = 1100 m s-1, as compared to that of quartz Vquartz = 
4950 m s-1 , (ρ=2,2 g/cm3),results in a high energy confinement on 
the device surface. 
 In this work , PMMA 17 %(poly(methyl mathacrylate)) was 
applied  on the acoustic device with spin coating .  
For the preparation of PMMA polymer we used 
- PMMA medium molecular weigth powder ,Aldrich 
- 2-ethoxyethyl acetate (2-EEA) as organic solvent 
- Filters with resources of diameter of 0.2 mm from PTFE                     
membrane The polymer was mixed in a small bottle with organic 
solvent using a magnetic stirrer for more than two days. Then  by 
using a glass syringe and using the above filters the solution was 
filtered .  The PMMA solution is preserved at room temperature . 
Spin coating was the preferred method for the application of thin, 
uniform films to flat substrates.  
An excess amount of polymer solution (80 μl) is dropped with a 
Pasteur pipeta on the top of a substrate. The substrate is then 
rotated for 40 sec  at high speed  4000 rpm at an angular velocity, 
w, in order to spread the fluid by centrifugal force, making a thin 
layer . The spin coater used is the Spincoater Model P6700 Series, 
Specialty Coating Systems Inc . The solvent was evaporated by 
heating the coated device in an oven at 190 oC for 2 h. 
 

 
fig 7 Characteristics layers of biosensor. The PMMA layer was 
placed above quartz plate.  
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B ORMOCER Experiment 
 
6.2.1 Purpose 
 
 The integrity of the photolytically immobilized biotin is 
confirmed by the detection of   the binding of fluorescently 
labelled avidin via surface acoustic sensor technique. Biotin is 
subsequently immobilized on the surface of the device by excimer 
laser photolysis of photobiotin.  The  aim of this work was   to  find 
the optimum concentration of photobiotin solution which  could 
be  placed on the device, in order to fully cover the ORMOCER’s 
surface.  
 
 
6.2.2 Experimental Process  
 
 
 In this work , 80 μl of  PMMA 17 % was applied  on the 
acoustic device with spin coating. Then 25μl of a 1μg/ml 
ORMOCER  solution in 4-methyl-2-pentanone solvent was applied 
on the device. Ormocomp USS4 (CH 23604) was purchased by 
Micro Resist Technology.Experimentally was proved that the 
forementioned ORMOCER’s concentration had the greatest 
sensitivity for alterations that take place on the surface (mass 
loading) during the experiment. Then the surface was dried under 
a UV lamp for 30 minutes. 130 μl of Photobiotin solutions 79728 
(Analysis Number 61961/1  1193 ) within the concentration 10-
200μg/ml were applied to the device surface and were dried in a 
vacuum oven for one hour. Moreover  the biotinylated surface of 
the acoustic sensor was exposed to 20 pulses of UV radiation of a  
KrF excimer laser (TUI Braggstar). The duration of the pulses was 
7ns , the wavelength was 248nm and the energy 10-15mJ (flow  
rate 0.03 J/cm2) . 
 The biosensor was placed in a device holder .At the 
beginning of  each experiment PBS buffer was pumped through 
until a stable  phase reading was obtained ,followed by injection of 
avidin solution and final rinse with PBS buffer . 
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6.2.3 Results and discuss 
a) Different Solutions of ORMOCER 
 
 When  a 50 μl avidin solution(1mg/ml) in 0.45ml PBS is 
applied on the surface of the sensor via the peristaltic pump ,the 
phase falls . This is illustrated in diagram 8 . It was observed that 
the change of phase was of the order of  1,2 deg for the 1μg/ml 
ORMOCER solution while this change was smaller for the other 
solution 10μg/ml. 
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Diagram 8  Change of phase after addition of avidin solution. 
 
b)no photobiotin 
 
 First of all, avidin was applied on the device and was found 
out that avidin was not fixed on the ORMOCER.(fig 9) 
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fig 9 No photobiotin 
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The phase of the Love wave is illustrated in fig 9 and  does not 
change. Consequently molecules of avidin have not  fixed with the 
molecules of ORMOCER. 
 
 
c)10,50,100,200μg photobiotin/1ml 
 
 The experiment was repeated with the same conditions like 
before. 150μl of photobiotin with a concentration  of 10μg /1ml 
was applied  on the device. The device was immersed into the 
buffer solution with a  flow rate of 55μl/min, and  50μl avidin 
1mg/ml in 0.45ml PBS were deposited . Finally  the device  was  
immersed again   into the PBS.  
 On the surface of ORMOCER  different solutions of 
photobiotin were added following the above process. The phase 
change monitored in real time during the application of avidin on 
the 10 μg/ml, 50 μg/ml, 100 μg/ml and 200 μg/ml of photobiotin 
coated acoustic waveguide device surface is illustrated in  figure 
10. The special binding of streptavidin to biotinylated surface of  
the ORMOCER was confirmed by the phase change . 
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fig 10 The phase change monitored in real time during the 
application of avidin on the 10 μg/ml, 50 μg/ml, 100 μg/ml and 
200 μg/ml of photobiotin solutions 
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 In all the experiments that were performed under the same 
conditions ,it was observed a good repeatability in the phase 
changing when avidin solution was added, as we can see from the 
diagram below. (fig 11)  
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Fig 11 Phase changes for different solutions of photobiotin 
  
 It is obvious that the surface reaches saturation when a 
200μg/ml solution of photobiotin is added. Moreover, the smallest 
detectable concentration of photobiotin’s solution is 10μg/ml. 
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fig 12The average change of phase 
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6.2.4 Conclusions 
 
 In the present study, we made a first approach of the  
acoustic response of the biosensor at the addition increasing 
concentrations of photobiotin solutions that are increased. A first 
conclusion is that the binding of 200μg/ml photobiotin to avidin  
is more efficient than it is at lower concentrations.  
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C Polystyrene Experiment 
 
6.3.1 Purpose 
 
 The integrity of the photolytically immobilized biotin is 
confirmed by the  detection of  the binding of the fluorescently 
labelled avidin via surface acoustic sensor technique. Biotin is 
subsequently immobilized on the surface of the device by excimer 
laser photolysis of photobiotin.  The  aim of this work was   to  find 
the optimum concentration of photobiotin solution which  could 
be  placed on the device, in order to fully cover the polystyrene  
surface.  
 
 
6.3.2 Experimental Process  
 
 In this work , 80 μl of  PMMA 17 % was applied  on the 
acoustic device with spin coating. Then 30μl of a 0.02g/ml 
polystyrene  solution (Catalog N. 18242-7,Cas N. 9003-53-6) in 
tuluol solvent was applied on the device. Then the surface was 
spin coated for 1 min at 4000 rpm .Thereafter the device was 
heated to 150 °C for 1h to facilitate solvent evaporation 130 μl of 
Photobiotin solutions 79728 (Analysis Number 61961/1  1193 ) 
within the concentration 10-200μg/ml were spin coated in order to 
create a thin layer of photobiotin.Moreover  the biotinylated 
surface of the acoustic sensor was exposed to 20 pulses of UV 
radiation of a  KrF excimer laser (TUI Braggstar). The duration of 
the pulses was 7ns , the wavelength was 248nm and the energy 10-
15mJ (flow  rate 0.03 J/cm2) . 
 The biosensor was placed in a device holder .At the 
beginning of  each experiment PBS buffer was pumped through 
until a stable  phase reading was obtained ,followed by injection of 
avidin solution and final rinse with PBS buffer . 
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6.3.3  Results and discuss 
 
 
a)No photobiotin 
 
 First of all, avidin was applied on the device and was found 
out that avidin is not fixed on the polystyrene surface. 
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fig 13 No photobiotin on the surface of polystyrene 

 
 
Figure 13 shows the phase change of the Love wave . The phase of 
the saw was changed but then it  returned to its initial value. 
Consequently molecules of avidin had not  fixed with the 
molecules of polystyrene. 
 
 
b)10,20,50,75,100,200μg photobiotin/1ml 
 
 The experiment was repeated under  the same conditions 
like before. 150μl of photobiotin with concentration of  10μg /1ml 
were applied  on the device. The device was then immersed into 
the buffer solution with  flow rate of 55μl/min.  50μl avidin 
1mg/ml in 0.45ml PBS  were then deposited. Finally  the device  
was  immersed again   into the PBS.  
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 On the surface of the polystyrene different solutions of 
photobiotin were added following the above process. Figure 14 
shows the phase change monitored in real time during the 
application of avidin to the 10 μg/ml, 20 μg/ml ,50 μg/ml, 75 
μg/ml ,100 μg/ml and 200 μg/ml of photobiotin coated acoustic 
waveguide device surface. 
 The special binding of streptavidin to biotinylated 
polystyrene’s surface is confirmed by the phase change . 
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Fig 14Phase changes for different solutions of photobiotin 
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Fig 15 Change of phase as a function of concentration 
  
 It was observed that phase changing was linearly connected 
with concentration but only for  low concentrations of 
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photobiotin.(fig 17 ). It  is obvious that the surface reaches in 
saturation when 100 μg/ml solution of photobiotin are added 
.Moreover, the smallest concentration of photobiotin’s solution 
which can be detected is 20μg/ml. 
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fig 16 Linear dependence Δphase with concentration of 
photobiotin 
 
 
 
6.3.4 Conclusions 
 
In the present study, we made a first approach of the  acoustic 
response of the biosensor at the addition  of photobiotin solutions 
with increased concentrations. A first conclusion is that the 
binding of 200μg/ml photobiotin to avidin  is more efficient than it 
is at lower concentrations.  
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D     Anti IgG Experiment 
 
6.4.1 Purpose 
  
 The aim of this work is to enclose the biological molecules of 
photobiotin and avidin into 3D structures .The question is if these 
molecules are effective even after this polymerization techniques 
and  the rinse of  unpolymerized resin.  
  
 
6.4.2 Experimental Process 
 
 In this work , 80 μl of  PMMA 17 % were applied  on the 
acoustic device with spin coating. Then 25μl of a 1μg/ml 
ORMOCER   solution in 4-methyl-2-pentanone solvent were 
applied on the device. Then the surface was dried for 30 min 
under UV lamp.  
 130 μl of Photobiotin solution 79728 (Analysis Number 
61961/1  1193 ) within the concentration 100μg/ml were applied 
on the surface of the device. In addition the surface was dried in a 
vacuum oven for one hour .  Moreover  ,the biotinylated surface of 
the acoustic sensor was exposed to 20 pulses of UV radiation of a  
KrF excimer laser (TUI Braggstar). The duration of the pulses was 
7ns , the wavelength was 248nm and the energy 10-15mJ (flow  
rate 0.03 J/cm2) . Then 100μl of avidin solution with concentration 
1mg/ml were applied on the device and it  was dried for one hour 
before  it was rinsed out . 
 Moreover ,a drop of ORMOCER was applied on the surface 
of the device .By using a small glass,  a stress was exerted in order 
to make a thin layer of ORMOCER on the surface.  Finally the 
device was rinsed out in a 50-50 solution of 4 methyl-2 pentanone 
and isopropanol .  
 The biosensor was placed in a device holder .At the 
beginning of  each experiment PBS buffer was pumped through 
until a stable  phase reading was obtained ,followed by injection of 
anti IgG solution and final rinse with PBS buffer . 50 μl of 
0,1ml/ml IgG  were dissolved in 450μl phosphate buffer saline( 
PBS ) buffer (137 mM NaCl ,2.7 mM KCl ,10mM 
Phosphate,pH=7.4)  
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fig 17 Addition of biotinylated anti IgG 

 
 
6.4.3 Results and discussion 
 
 From the experiment it was observed that avidin was not 
influenced by the solvents so the biotinylated anti IgG proteins 
were bend on the surface of the avidin . 
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Fig 18 Anti IgG binding to avidin molecules 
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 Tracing of biomolecules   interaction  using a Fluorescence 
Microscope 
 
6.5 Fluorescence microscope 
 
 After building, the samples were inspected in a fluorescence 
microscope  and some of them were found to fluorescence in 
green. 
  Further investigations showed that this fluorescence is only 
observed from the samples made with ORMOCER that is more 
that six months old. This fluorescence is most likely due to 
degradation products of the photoinitiator. For all the structures 
fabricated in study, only fresh ORMOCER has been used and 
control samples made to confirm that there is no fluorescence from 
the base material. 
 For biomolecule patterning, the 3D components were 
covered with a photobiotin solution consisting of 1mg of 
photobiotin in 1 ml distilled water and 1 ml ethanol .The solvent 
was removed by drying the samples under vacuum at room 
temperature in the dark for 1 h . Subsequently, the samples were 
exposed to  20 pulses ,1 Hz repetition rate UV radiation from an 
excimer KrF laser, 248 nm wavelength (TUI Braggstar,7ns pulse 
duration) . After the samples were rinsed with de-ionized  water, 
they were covered in an Atto 565-Streptavidin solution  (0,1 
mg/ml) and was left to incubate for at least one hour. Finally they 
were washed in DI water in an ultrasonic bath for 10 min  . 
 The 3D structures were imaged using a fluorescence 
microscope Nikon Eclipse E800 equipped with a camera and a 
green filter G-2A (510-560)nm. We found, that they fluoresce very 
strongly, when was excited with green light. This fluorescence 
originates from the 3D component (and not from the glass 
substrate)(fig 19) .Since ORMOCER and photobiotin do not 
fluoresce in the green, fluorescence can be safely ascribed to the 
Atto 565-streptavidin . 
 For the samples which are not pre-treated with photobiotin  
and only treated with avidin there was no fluorescence (Figure 20). 
Therefore, the incorporation of avidin is due to the biotin bound to 
the structure. Similarly, no fluorescence is detected if in the   
procedure biotin instead of photobiotin is employed. This result 
demonstrates that the biotin and avidin are not simply 
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incorporated within a porous structure; instead, chemical bonding 
is involved. Upon UV irradiation, photobiotin is known to 
generate a reactive biotin. It is likely that this intermediate reacts 
with dangling Si-O bonds at the surface of the polymerized 
structure. 
 

 
fig 19 

 

 
fig 20 

 
 The molecules of avidin are deposited not only on the top of 
the structure but at the lateral walls also ,as we can see in fig 21. 
 

 
fig 21 
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Chapter 7 Conclusions - Future plans 
 
    7.1   Conclusions 
 
 A new technique has been presented for three dimensional 
biomolecule patterning, based on multi-photon polymerization 
and biotin-avidin chemistry. Three-dimensional structures have 
been built employing multi-photon polymerization and photolytic 
attachment of biotin active molecules on them. Microstructures 
with dimensions of tens of microns have been built with different 
materials with a lateral resolution of 1 μm. It has been shown that 
the axial resolution enables building more complicated structures 
by scanning layers with different patterns. More experience on this 
technique and on the materials has to be acquired in order to build 
structures with a design giving rise to a concrete application. 
 The results have been confirmed using fluorescence 
microscopy and acoustic sensor techniques.A good understanding 
of the possibilities of acoustic wave sensing was acquired in order 
to understand and analyse the interactions with polymer films. 
Several experiments were performed with encouraging results for 
using this technique to sense phase change of acoustic waves 
induced by biomolecular interactions. An interesting result that 
was obtained is the observation that the photobiotin and avidin  
molecules are effective even after polymerization techniques and  
the rinse of  unpolymerized resin. 
 
  
7.2 Future work 
  
 The long-term goals of the project include the calibration of 
the technique, using fluorescence microscopy and acoustic sensor 
techniques.The problem that we have to overcome is the 
sensitivity of the acoustic sensors on the changes of the 
temperatrure. Investigation of selective attachment of other 
biotinylated molecules on the 3D structures is of great interest . 
 The ultimate purpose of this project is to build fully-
functional 3D biosensors based on microcantilivers. They have 
recently become a promising tool for directly detecting 
biomolecular interactions with great accuracy. Microcantilevers 
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translate molecular recognition of biomolecules into 
nanomechanical motion that is commonly coupled to an optical or 
piezoresistive read-out detector system. Biosensors based on 
cantilevers are a good example of how nanotechnology and 
biotechnology can go together. High-throughput platforms using 
arrays of cantilevers have been developed for simultaneous 
measurement and read-out of hundreds of samples. However, 
besides the excellent results obtained with existing sensor 
technologies, we still need biosensors able to detect, in a direct 
way, very low (picomolar to femtomolar) levels of a great number 
of chemical and biochemical substances in areas such as 
environmental monitoring, industrial and food processing, 
healthcare, biomedical technology, and clinical analysis. 
  Microcantilevers can transduce a number of different 
phenomena, such as changes of mass, temperature, heat, or stress, 
into bending (static mode) or a change in resonant frequency 
(dynamic mode) , which can be monitored. Adsorption of 
molecules, when they are restricted to one of the cantilever 
surfaces, produces differential surface stress that bends the 
cantilever. At the same time, the resonant frequency of the 
cantilever also varies due to mass loading. Changes in resonant 
frequency can be detected by measuring the thermal noise of the 
cantilever. 
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