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Abstract  
 
Acoustofluidics is the theory behind manipulation of cells and particles suspended in 
microfluidic channels with the help of ultrasound standing waves which are in the range of 
1 − 5 MHz. The material of choice of the microfluidic channel is important for ultrasound 
standing wave trapping. If the acoustic impedance difference between the material and the 
fluid within these channels is high, the reflection coefficient is high. The wave undergoes 
more reflection and thus higher are the acoustical forces manipulating the particles within 
the channels.  
 
Polymers have been excessively used in microfluidic devices fabrication, due to their 
characteristics, such as good optical transparency, biocompatibility, chemical and 
mechanical properties as well as friendly system integration. In addition to these 
characteristics, the process to fabricate channels using polymers is simple, fast and 
inexpensive. But they are not considered a suitable choice for acoustofluidic applications 
because of their low acoustic impedance and high acoustic attenuation. If the acoustical 
properties of the polymers can be enhanced, then they would be a perfect fit for 
acoustofluidic applications.  
 
In this thesis, the main aim was to investigate whether the addition of glass beads to OSTE-
based polymers would increase their acoustical impedance. The fabrication and 
characterization of different OSTE-based polymers were performed, to study the 
improvement of the acoustical impedance as a function of amount of glass beads added.  
Non-destructive measurements, based on ultrasonic pulse-echo system, were performed to 
quantify the acoustical properties of the fabricated samples. It is shown that the addition of 
glass beads leads to an increase in density, speed of sound and thus the acoustic impedance 
of the polymers. Also, the attenuation coefficient decreases with addition of glass beads.  
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Chapter 1  
 
1.1 Introduction  

Acoustofluidics is the theory of exploiting ultrasonic standing forces and acoustic streaming 
in microfluidic devices to manipulate the position of cells and particles[1]. 
 
Glass and silicon are considered suitable materials for the acoustofluidic applications[2]. 
Because of their high acoustic impedance compared to fluids, as well as a low acoustic 
attenuation coefficient. The process to fabricate microfluidic devices from glass and silicon is 
both expensive and time consuming and because of that researchers are interested in 
alternative materials for acoustofluidic applications. 
 
Polymers have become more attractive because of their availability, low cost and the fact 
that the process used to fabricate microfluidic devices from these materials is both fast and 
easy. Unfortunately, because of their low acoustic impedance and high attenuation, 
polymers are not considered a suitable candidate for acoustofluidic use. 
 
The addition of glass beads has been proven to increase and enhance the acoustical 
properties in several materials[3]. The main aim of this research is to study whether the 
addition of glass beads would also increase the acoustic impedance in OSTE-based polymers. 
 
During this project work, different off-stoichiometric ratios of hybrid OSTE and hybrid OSTE+ 
polymers were fabricated. Before proceeding with the fabrication several calculations were 
carried out to determine the suitable weights of different chemical components to get the 
desired off-stoichiometric ratios.  Different procedures were carried out to fabricate the 
different families of OSTE-based polymers. After fabricating the different polymers, a pulse-
echo experiment was designed to characterize the different fabricated polymers. A pulse-
echo experiment is any system that uses scattering of waves from an object to get 
information about the object.  With the help of a matlab program the acoustical properties 
of the different samples were determined after analysing the signal obtained from the pulse 
echo experiments. At the end of this study, a comparison between the characteristics of the 
fabricated OSTE-based polymers and materials used in acoustofluidic applications, as well as 
common polymers used to fabricate microfluidic devices was carried out. 
 
Chapter 1, starts with an introduction to the project, followed by a background study about 
acoustofluidic method, and a description of the materials used in acoustofluidic approach. A 
brief description about OSTE-based polymer as well as the non-destructive method used to 
characterize these polymers.  Chapter 2, gives a deep explanation about the different OSTE-
based polymers, the calculations used to determine the suitable weights of different 
chemical components used during the fabrication process, as well as the process followed to 
fabricate the polymers. Chapter 3, describes in details the pulse-echo experiment designed 
to characterize the acoustical properties of the samples fabricated. Chapter 4, shows the 
results determined, the density of different OSTE-based polymers, speed of sound, 
acoustical impedance as well as the attenuation within these polymers. Chapter 5, gives a 
general conclusion to the research, a comparison is made between the acoustical properties 
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of the OSTE-based polymers and materials used in microfluidic devices and suggested future 
work. 
 
 
1.2 Acoustofluidics  
 
In acoustofluidic applications, ultrasound standing waves, which have a frequency in the 
range of 1-5 MHz and acoustic streaming, are used to manipulate positions of cells and 
particles in microfluidic channels. The main advantage of this method is the gentle and non-
contact approach to manipulate cells using external acoustical forces [4].  
 

 
Figure 1: A schematic representation of a microfluidic channel. 

 
When the sound wave reaches the interface between the channel wall and the fluid within 
the channel, it will be partly reflected and partly transmitted. The nature of this reflection is 
determined by the acoustic impedance of the mediums. Therefore, it is very important to 
select the appropriate materials to fabricate the microfluidic device. The larger the 
difference of the acoustic impedance between the material of choice and that of the fluid 
within the channel, the more the wave is reflected and thus larger are the acoustic forces 
acting on the particles within these channels [5]. 

 

Figure 2: A representation of the behavior of an incident wave (normal incidence) as it reaches and interface between two 
different materials, it will be partly reflected and transmitted. 

To describe this phenomenon, one should examine two main boundary conditions, the 
continuity of the pressure 

𝒑𝒊 + 𝒑𝒓 = 𝒑𝒕       ( 1) 

 as well as the continuity of the normal component of the particle velocity 
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𝒖𝒊 − 𝒖𝒓 = 𝒖𝒕      ( 2) 

Indices i, r and t correspond to the incident, reflected and transmitted wave respectively.  
Given that the impedance is the pressure divided by the wave flow velocity 

 

𝒛 =
𝒑

𝒖
               ( 3) 

Then the pressure reflection coefficient between two different mediums of two different 
acoustical impedances z1and z2 is equal to  
 

𝑹 =
𝒁𝟐−𝒁𝟏

𝒁𝟐+𝒁𝟏
   ( 4) 

And the pressure transmission coefficient is 
 

𝑻 = 𝟏 − 𝑹  ( 5) 

Ultrasonic standing waves are a result of superposition between the incident and the 
reflected waves [5]. The displacement field for a one-dimensional plane harmonic of the 
incident wave if the wave is traveling in the positive x-direction, is given by the following 
equation 
 

𝒔𝟏(𝒙, 𝒕) = 𝒔𝟎 𝐬𝐢𝐧(𝒌𝒙 − 𝝎𝒕)  ( 6) 

On the other hand, the one-dimensional plane harmonic displacement field of the reflected 
wave is given by the following equation  
 

𝒔𝟐(𝒙, 𝒕) = 𝒔𝟎𝐬𝐢𝐧 (𝒌𝒙 + 𝝎𝒕)         ( 7) 

 
At interference, the sum of these two waves is a standing wave and is equal to  
 

𝒔𝒕𝒐𝒕𝒂𝒍 = 𝒔𝟏(𝒙, 𝒕) + 𝒔𝟐(𝒙, 𝒕) = 𝟐𝒔𝟎 𝐜𝐨𝐬(𝝎𝒕) 𝐬𝐢𝐧 (𝒌𝒙)    ( 8) 

 
Where s0 is the displacement amplitude and k the wave number and ω is the angular 
frequency. 
 
Figure 3 below shows the displacement field of the standing wave along the microfluidic 

channel of length equal to 
𝜆

2
, the amplitude is equal to zero at the node and is maximum at 

the anti-node point.  
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Figure 3: A graphical representation of the displacement field of a standing wave, at distances 0 and  𝜆 2⁄  the displacement 

is 0 and at distance 𝜆 4⁄  the displacement is maximum. 

 
Whereas Figure 4 shows the acoustical pressure field variation along the microfluidic 
channel. The pressure field of the wave, described by equation 9, is maximum at the walls of 

the channel and minimum at the anti-node at distance 
𝜆

4
 from the walls of the channel. 

 
𝒑(𝒙, 𝒕) = −𝑩

𝝏𝒔(𝒙,𝒕)

𝝏𝒙
         ( 9) 

 
𝒑(𝒙, 𝒕) = 𝟐𝑩𝒌𝒔𝟎 𝐜𝐨𝐬(𝝎𝒕) 𝐜𝐨𝐬 (𝒌𝒙)            ( 10) 

 

 
Figure 4: A graphical representation of the pressure field of the standing wave, the pressure is maximum at the nodes and 

minimum at anti-node. 

 
1.3 Materials used in acoustofluidic applications 
 
Glass and silicon are the most preferred materials in acoustofluidic applications, for many 
reasons, such as, their availability, well-developed techniques for the fabrication process, 
their mechanical durability and surface stability. Furthermore, glass and silicon are 
considered good candidates because of their low acoustic attenuation coefficient and high 
difference in acoustic impedance with respect to the fluidic medium in the microfluidic 
channels. However, because the processes used for fabricating microfluidic devices from 
these materials are too time-consuming and expensive for mass production, researchers 
started looking for new alternatives [2]. 
 
Polymers on the other hand, have become attractive for lab-on-a-chip applications because 
of their biocompatibility, low-cost manufacturability and ease of fabrication. Even though 
polymers such as Poly-methyl methacrylate (PMMA) and polydimethylsiloxane (PDMS), are 
used in lab-on-a-chip applications, they are not considered a good match for acoustofluidic 
approach because of their low acoustical impedance. 
 
1.4 OSTE-based polymer 
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Off-stoichiometric thiol-ene (OSTE) and Off-stoichiometric thiol-ene plus epoxy (OSTE+) are 
new polymers developed to overcome surface related limitations in lab-on-chip. 
OSTE is a UV-curable material and is based on thiol and allyl monomers. The thiol-ene 
networks offers delayed gel points, good control of the polymerization, a uniform cross-
linked matrix with high optical clarity and reduced polymerization shrinkage stress. OSTE+ is 
a UV/thermally curable material formed by dual polymerization reactions. During this 
fabrication, epoxy is added to OSTE, in addition to thiol and allyl. The addition of epoxy 
allows a direct bonding with almost any dry surface. 
 
1.5 Non-destructive testing  

Non-destructive ultrasonic testing is a method used to test the properties of a certain 
material with the help of ultrasound waves. It is used to detect defects or cracks within the 
material as well as the material properties such as hardness or stiffness. 
A pulse-echo system is any system that uses scattering of waves (electrical or acoustical) 
from an object to get information about the object. When using a single pulse echo to 
perform the pulse-echo measurements, the shape and the amplitude of the reflected echo 
characterizes the properties of the reflection interface. Figure 5 shows a schematic 
representation of a pulse-echo set-up. During these measurements, an ultrasonic pulse is 
emitted by a transducer, and the pulse after being reflected is detected by an oscilloscope. 
The signal of the reflected pulse is analysed to calculate the properties of the material 
studied [6]. 
 

 
Figure 5: A schematic representation of the pulse-echo system set-up 

 
The signal detected from the reflection of the sound wave at different interfaces, is show in 
the Figure 6 below. The echoes represent the reflection of the sound wave at different 
interfaces, the first echo if due to the reflection from the transducer/rod interface, the 
second one is when the wave is reflected from the rod/polymer interface and the third is 
from the polymer/air interface. 
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Figure 6: The signal detected due to the reflection of the sound wave as it reaches different interfaces. 

 
1.5.1 Speed of sound  
 
In a homogenous medium, the general equation of the velocity is 
 

𝒗 = √𝑬
𝝆⁄              ( 11) 

 
Where E(Pa) is the elastic modulus and 𝜌 (Kg/m3) is the density. 
 
In ultrasound, there is two different ways for defining the velocity, the phase velocity vp and 

group velocity vG.  The phase velocity is determined for continuous waves and it is the 
velocity of propagation of any convenient marker such as a particular wave crest. The group 
velocity is what you normally measure with a pulse of ultrasound, which is the velocity of 
disturbance that corresponds to the envelop of the pulse. It is determined by measuring the 
velocity of the front edge of the pulse.  
For a sound wave traveling through a material and being reflected, the velocity (v) can be 
determined using the time of flight method[6]. 
 

𝒗 =
𝟐∗𝒉

𝚫𝒕
      ( 12) 

 
Because the wave travels through the sample or polymer twice in order for it to be detected, 
one should multiply the thickness (h) of the sample by two to determine the distance 
travelled by this wave.  
Once the velocity is determined and the density of the polymer is calculated, one can easily 
determine the acoustic impedance of the material.  
 

𝒁 = 𝝆𝒄       ( 13) 

 
where 𝑍 the acoustic impedance measured in Rayls or Kg m2⁄ s. 
 
1.5.2 Attenuation Coefficient 
 
The attenuation coefficient within a material is defined as the loss in amplitude of the 
propagating wave as it propagates through the material, it is frequency dependent and 
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proportional to the depth of the wave propagation. The wave is attenuated due to several 
phenomena for example absorption, scattering or geometric spread. The amplitude of the 
wave after propagating distance x in a certain medium is given by the following equation[7]. 
 

𝑨(𝒙) = 𝑨𝒐𝒆−𝜶𝒙          ( 14) 

 
 𝐴𝑜 is the initial amplitude of the propagating wave, and A is the reduced amplitude due to 
attenuation after traveling a distance x, and α is the attenuation coefficient of the wave in 
(Nepers/length − dB/length). 
 
When a wave propagates through a certain medium both the intensity and the power of the 
propagated wave decrease 
 

𝑰(𝒙) = 𝑰𝒐𝒆−𝝁(𝒇)𝒙       ( 15) 

 
 μ(f) is the intensity absorption coefficient. 
 

𝑷(𝒙) = 𝑷𝒐𝒆−𝒌𝒅(𝒇)𝒙    ( 16) 

 
 kd(f) is the power absorption coefficient. Since the intensity is proportional to the square of 
the power then μ(f) = 2 kd(f). 
 
Then one can say that the attenuation coefficient is 
 

𝜶 = [
𝟏

𝒙
] 𝟏𝟎 𝐥𝐨𝐠 [

𝑰𝒐
 𝑰(𝒙)⁄ ] = [

𝟏

𝒙
] 𝟐𝟎 𝐥𝐨𝐠 [

𝑷𝒐
 𝑷(𝒙)⁄ ]     ( 17) 

 
 

To determine the attenuation of the sound wave using the pulse-echo set up, one should 
look at the amplitude of the wave after being reflected from the polymer. 
 



15 
 

 
Figure 7 The plot shows the signal detected by the oscilloscope, the first echo, with amplitude A0, reperesents the wave 
reflected by the transducer/aluminum interface. The second echo, with amplitude A1, represents the wave reflected by 

aluminum/ sample interface. The third echo, with amplitude A2, is the echo reflected from sample/air interface. 

 
If A0 is the amplitude of the wave emitted by the transducer, then  
 

𝑨𝟏 = 𝑨𝟎𝑹𝟏𝟐𝒆−𝟐𝜶𝒓𝑳         ( 18) 

 
A1 is the amplitude of the wave after traveling through the aluminium rod of length L and αr 
is the attenuation within the aluminium rod and R12 is the reflection coefficient at the 
aluminium/polymer interface. 
 

𝑨𝟐 = 𝑨𝟎𝑹𝟐𝟑𝑻𝟏𝟐𝑻𝟐𝟏𝒆−𝟐𝜶𝒓𝑳𝒆−𝟐𝜶𝒔𝒉       ( 19) 

 
A2 is the amplitude of the wave after traveling through the aluminium rod of length L and 
the sample that has a thickness equal to h. αr and αs are the attenuation within the 
aluminium rod and the polymer sample respectively. R23 is the reflection coefficient at the 
polymer/air interface. T12is the transmission coefficient at the aluminium/polymer interface 
and T21 is the transmission coefficient at the polymer/aluminium interface. 
Dividing A2 by A1: 
 

𝑨𝟐

𝑨𝟏
= 𝒆−𝟐𝜶𝒔𝒉 𝑻𝟏𝟐𝑻𝟐𝟏

𝑹𝟏𝟐
 𝑹𝟐𝟑           ( 20) 

 
Then the attenuation coefficient within the sample can be determined by the following 
equation: 
 

𝜶𝒔 =
−𝟏

𝟐𝒉
𝐥𝐨𝐠 [

𝑨𝟐

𝑨𝟏
∗

𝑻𝟏𝟐𝑻𝟐𝟏

𝑹𝟏𝟐
 𝑹𝟐𝟑]         ( 21) 
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Where the reflection coefficients for aluminium/sample interface and sample/air interface 
are equal to  

𝑹𝟏𝟐 =
𝒁𝟏−𝒁𝟐

𝒁𝟏+𝒁𝟐
            ( 22) 

 
 

𝑹𝟐𝟑 =
𝒁𝟐−𝒁𝟑

𝒁𝟐+𝒁𝟑
            ( 23) 

 
And the transmission coefficients are: 
 

𝑻𝟏𝟐 = 𝟏 + 𝑹𝟏𝟐       ( 24) 

 
 

𝑻𝟐𝟏 = 𝟏 − 𝑹𝟏𝟐       ( 25) 
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Chapter 2  
 
Chapter 2 starts with an introduction to the OSTE-based polymers, followed by a detailed 
explanation of OSTE, OSTE+ and hybrid OSTE and OSTE+ and their chemical composition. The 
calculation of the different off-stoichiometric ratios is shown as well as the fabrication 
process used to fabricate the different polymers. 

 
2.1 Off-stoichiometry Thiol-Ene (OSTE) 

The Off-Stoichiometry Thiol-Enes polymers (OSTE), were first fabricated to overcome the 
gap between the research and the commercial production of microfluidic devices.  Many 
properties make the Thiol-ene polymer a suitable substitute for PDMS and PMMA for the 
fabrication of microfluidic devices. In addition to its good mechanical properties OSTE-based 
polymers have characteristics such as fast curing, it is solvent resistant and low 
polymerization shrinkage[8]. 
The polymerization mechanism between the thiol and allyl monomers contributes to the 
mechanical properties of the fabricated OSTE polymer. The reaction that takes place 
between these two chemicals belongs to a ‘click reactions’ family. That is, this type of 
reaction is fast and has high efficiency and selectivity.  

During this chemical reaction, the thiol – (SH) monomer bonds with the −(CH2) ene-
functional group. This polymerization process depends on the number of monomers ′′x′′ and 
′′y′′ of thiol and ene-monomers respectively, as well as the number of functional groups 
‘’m′′ and ′′n′′ of each. 
The chemical composition of the Thiol and Ene monomers are shown in Figure 8 and Figure 
9 below. 
 

 

 

Figure 8: The chemical composition of the thiol monomer 

 

Figure 9: The chemical composition of the Allyl monomer 

 
 
When mixing suitable weights of the two different monomers one can have few or no 
reactive groups remaining after the cross-linking between these two monomers. The novel 
off-stoichiometry thiol-ene polymer is having an excess in one of the functional groups 
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𝒙𝒎 ≠ 𝒚𝒏        ( 26) 

 
In this way, one can have unreacted groups in both in the bulk and at the surface of the 
fabricated polymer. And thus, effecting both the mechanical and surface properties of the 
polymer. In other words, at a certain off-stoichiometric ratio the monomers have fewer 
cross-links in the network, which affects the stiffness and the glass transition of the polymer. 
For example in case of OSTE 2:1- OSTE (Thiol:Allyl)- the resulting polymer network would 
consist of a fully reacted allyl monomer with excess of thiol monomers, the polymer 
fabricated is expected to be rubber like, because of the excess of thiol at the surface and in 
the bulk of the polymer. The chemical composition of the thiol monomer as shown in Figure 
8, consists of high number of flexible groups, i.e. oxygen groups. A polymer with excess in 
thiol is expected to be more flexible. On the other hand, if the polymer network consists of a 
fully reacted thiol monomer with excess of allyl monomers, for example in case of OSTE 1:2, 
this excess of allyl monomer would form a hard polymer.  The chemical composition of the 
allyl monomer stands behind the hardness of this monomer, this chemical as shown in 
Figure 9 has less flexible groups, thus the polymer composed when having excess in allyl 
monomer is expected to be more rigid. 
Because of the drawbacks of the polymer, such as a bad smell when the fabricated polymer 
has access of the thiol monomers, or the relatively low glass transition temperature as well 
as poor stability of the thiol-ene formulation before polymerization an improvement was 
needed.  A proposal was to add epoxy monomer to this novel polymer to enhance it 
characteristics. The addition of epoxy allows direct bonding of the OSTE polymer to dry 
surfaces and can avoid leaching if unreacted chemicals. The OSTE+ polymer is expected to be 
harder and stiffer because of the complete cross-linkage between the functional groups. 
 
2.2 Off-stoichiometric thiol-ene plus epoxy 
 
The off-stoichiometric thiol-ene plus polymer (OSTE+) is when epoxy monomer is added to 
the OSTE mixture. With the addition of epoxy the polymer can overcome the requirement 
for active surface coatings on the substrate for the thiol to form covalent bonds. 
 

 
Figure 10: The chemical composition of the epoxy BADGE monomer. 

 
OSTE+ is a dual cure polymer. During the first cure the cross-linking takes place between the 
thiol and ene groups with the help of the UV-cure, whereas in the second cure, which is a 
thermal cure, the cross linking is between the epoxy and the excess in thiol monomers. This 
leads to enhancement within the mechanical properties of the polymer as well as a 
minimum leaching of chemicals after curing[9]. 
 
2.3 Hybrid OSTE and hybrid OSTE+ 
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Hybrid OSTE and hybrid OSTE+, is when adding a certain volume fraction of glass beads or 
metal powder to increase the mechanical stiffness and hardness of the material, and thus 
enhance the density as well as the speed of sound within the material, thus an increase in 
the acoustical impedance of the material is expected. But as a trade-off the attenuation 
coefficient is expected to increase due to scattering of the sound wave within the sample. 
 
2.4 Calculation of off-stoichiometric ratios 
 
Before proceeding with the fabrication, recipes were calculated to achieve the wanted off-
stoichiometric ratios. Specific ratios are obtained with different masses of the different 
monomers. 

2.4.1 OSTE Calculations: 
 
Knowing the molecular weight of Thiol and Allyl monomers, and with a suitable mass of 
each, one can find the number of moles (M) of each monomer, which is equal to the mass 
(m) divided by the molecular weight (Mw), and given in the following equation. 

 
𝑴 = 𝒎/𝑴𝒘          ( 27) 

 
The number of moles is then multiplied by the functional group (F) 
 

𝑭 × 𝑴 = 𝑭 × 𝒎/𝑴𝒘        ( 28) 

 
Then the off-stoichiometric ratio of the OSTE polymer is the ratio between the two different 
monomers.  
 

𝒐𝒇𝒇 − 𝒔𝒕𝒐𝒊𝒄𝒉𝒊𝒐𝒎𝒆𝒕𝒓𝒊𝒄 𝒓𝒂𝒕𝒊𝒐 = (𝑭𝟏 × 𝑴𝟏)/(𝑭𝟐 × 𝑴𝟐)        ( 29) 

 
2.4.2 OSTE+ Calculations: 

OSTE+ is fabricated using the same method of calculation, with the addition of a suitable 
amount of epoxy BADGE to achieve the desired ratios.  
 

𝑭𝟏 ×
𝒎𝟏

𝑴𝒘𝟏
= 𝑭𝟐 ×

𝒎𝟐

𝑴𝒘𝟐
= 𝑭𝟑 ×

𝒎𝟑

𝑴𝒘𝟑
     ( 30) 

1, 2 and 3 are indices for thiol, allyl and epoxy monomers respectively. 
 
2.4.3 Hybrid OSTE and OSTE+ Calculations: 
 
Before calculating the suitable mass of glass beads to be added, one should take into 
consideration that both the particle size and the volume fraction of glass beads can change 
the velocity and the attenuation within the sample. The acoustic speed increases with 
volume fraction and this change is more significant for a volume fraction more than 15%, but 
decreases as the particle size increases. On the other hand, the attenuation increases with 
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the increase of both the particle size and the volume fraction, the rate of increase however 
varies with particle size, it is larger for larger particles. 
 
The glass beads used for fabricating hybrid OSTE and OSTE+ were spherical beads of 
diameter 40 − 70 μm, which is less that the wavelength of the ultrasonic wave. And thus, in 
this case the wave is not expected to be scattered due to the presence of these glass beads. 
As the polymer would be considered homogenous [10]. 
In this project 8%, 16 %, 24% and 32% volume fractions of glass beads were added to the 
polymer.   
 

𝒗𝒈 = 𝒗𝒐𝒍𝒖𝒎𝒆 𝒇𝒓𝒂𝒄𝒕𝒊𝒐𝒏 × 𝑽          ( 31) 

 
vg is the volume of glass beads and V is the total volume of the mixture. 

  
For OSTE polymer the volume V is equal to  
 

𝑽 =  𝑽𝟏 + 𝑽𝟐 =
𝒎𝟏

𝝆𝟏
+

𝒎𝟐

𝝆𝟐
            ( 32) 

 
ρ1 and ρ2 are the densities of the thiol and allyl monomers respectively. 
As for OSTE+ polymers the volume V is 
 

𝑽 =  𝑽𝟏 + 𝑽𝟐 + 𝑽𝟑 =
𝒎𝟏

𝝆𝟏
+

𝒎𝟐

𝝆𝟐
+

𝒎𝟑

𝝆𝟑
             ( 33) 

 
where ρ1, ρ2 and ρ3 are the densities of thiol, allyl and epoxy monomers respectively. m1, 
m2 and m3 are the masses for each monomer. 
Then the mass of the glass beads needed for a certain volume fraction is define by the 
following equation.  
 

𝒎𝒈 = 𝒗𝒈 × 𝝆𝒈           ( 34) 

2.5 Fabrication Process 
 
Different OSTE-based polymers were fabricated with different procedures, depending on the 
chemical components used to fabricate them. 
 
2.5.1 OSTE fabrication 

 

 Chemicals used: 
 
In addition to the two monomers, allyl (triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione), thiol 
(tris[2(3-mercapto-propionyloxy) ethyl] isocyanurate), a photo-initiator (Omnirad TPO-l) is 
needed to initiate the cross-linking between the monomers[11].  
 

 Instruments used: 
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o A square shaped PDMS mold: to pour in the liquid mixture of monomers and then get 
the desired shape of the sample. For this purpose, a (3mm × 3mm) PDMS mold was 
fabricated with a thickness equal to 3 mm. After pouring in the monomer mixture a 
thin glass was placed on the top to get smooth surfaces. 

o UV-lamp: after pouring the liquid in the mold the sample was exposed to UV light to 
initiate the photo emission and thus initiating cross linking between the two 
monomers. 

o Oven: for thermal cure while fabricating OSTE+ 
o Fume hood ventilation: to avoid inhalation of the chemical vapors. 
o Scale: to measure the accurate weights of different monomers. 

 

 Fabrication process: 
 
o A mixing tube was placed on a scale before calibration to zero. The appropriate 

weight of thiol was added and the scale was calibrated to zero again. Then the 
calculated weight of allyl was added, mix in a small amount of photo-initiator about 
0.1 − 0.5% of total weight of the mixture. 

o Mixing the different components was done by rotating the tube slowly along its axis, 
to avoid formation of bubbles. 

o Then the mixture was poured into the mold before a thin glass was applied to the 
upper part to get a smooth surface. The mixture was then cured using UV-light for 
about 1 − 2 minutes. 

o After curing, the polymer solidifies; it is removed from the PDMS mold and left over-
night. 

2.5.2 OSTE+ fabrication: 
 

 Chemicals used:  
 

In addition to the chemicals used to fabricate OSTE polymer, epoxy BADGE (2,2-Bis[4-
(glycidyloxy)phenyl]propane, 4,4′-Isopropylidenediphenol diglycidyl ether) was added, as 
well as a small amount (about 0,1 − 0,5% of total weight of mixture) of a thermal initiator 
(1,5-Diazabicyclo[4.3.0]non-5-), to initiate the crosslinking between the epoxy and the excess 
of thiol monomer. 

 Fabrication: 
o After adding the calculated weights of allyl and thiol. Both initiators were added and 

the mixture was mixed by rotating the tube slowly along the axis of the standing tube 
for about two minutes. 

o  Afterwards, epoxy was added, and the monomers were slowly mixed again for 
around 2 more minutes. 

o After pouring the mixture into the PDMS mold, and applying thin glass carefully on 
top if the PDMS/mixture, it was exposed to UV-light for about 4 minutes and then 
cured in the oven at 60𝑜C temperature for about an hour. 

 
2.5.3 Hybrid OSTE and OSTE+ 
 

 Chemicals used: 
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In addition to the chemical used in fabricating OSTE and OSTE+ a suitable amount of glass 
beads was added.  
 

 Fabrication: 
 
During the fabrication of hybrid OSTE(+), several challenges were faced. The glass beads 
were not uniformly distributed in the polymer and air bubbles were formed. To overcome 
these issues, a vortex was used to mix the glass beads evenly within the polymer. Then the 
mixture was degassed in a vacuum pump to extract the bubbles formed. For hybrid OSTE, 
this procedure worked well as the photo-initiator was added after the chemicals (thiol, allyl) 
and the glass beads were measured, mixed well with the help of the vortex and then 
degassed for several minutes in the vacuum pump.  
But in the case of hybrid OSTE+ several approaches were considered and tried to overcome 
the challenges mentioned before. As suggested in [12] adding suitable amounts of all the 
chemicals (thiol, allyl and epoxy), the two initiators (photo- and thermal- initiators) and 
acetone (3%) to the mixture, before the mixture was mixed thoroughly using the vortex and 
then degassed. But unfortunately, the initiators went off and the mixture was partially 
solidified before pouring it in the PDMS mold. Another approach, suggested by [13], was to 
have two different standing tubes. In standing tube 1, one should mix 1/3 of thiol with the 
thermal initiator and curing this mixture in oven for about 20 minutes. In standing tube 2 the 
other chemical components (2/3 thiol, allyl, epoxy and photo initiator) were mixed well with 
the vortex and then degassing with the help of a vacuum pump for several minutes. Then 
the two mixtures in tubes 1 and 2 are mixed together both and curing in the UV-light, but 
this approach was not successful as well. 
Finally, a successful approach was to measure suitable amounts of thiol and allyl monomers 
as well as glass beads, mixing these with the vortex and then degassing them in the vacuum 
pump. After that, suitable amounts of both initiators were added before the mixture was 
mixed slowly along the axis of the standing tube for 2 minutes. Then a suitable amount of 
epoxy was added and mixture was mixed again for two minutes in the same way. After 
pouring the mixture into the PDMS mold, it was cured by UV-light for 4-5 minutes and in the 
oven for about 1 hour. 
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Chapter 3  
 
An introduction to the non-destructive pulse-echo experiment is given in chapter 3, followed 
by the instrumentation needed to perform these experiments. At the end of the chapter the 
validation of the experiments is shown. 
 
3.1 Pulse Echo Measurement Set-up 
 
A pulse-echo system is any system that uses scattering of waves from an object to get 
information about the object. The shape and the amplitude of the reflected echo gives 
information about the properties of the reflection interface between the transducer and the 
examined material. The reflected echo can give information about certain defects within the 
material such as cracks, or even information about the material properties, for example 
material stiffness or hardness.  During these measurements, an ultrasonic pulse is emitted 
by a transducer, and after reflection the detected pulse is received by the same transducer 
and visualized using an oscilloscope. Analysis of the reflected pulse can help determine the 
properties of the material. 
The accuracy of the experiments done depend also on the experience of the examiner. The 
examiner should be able to make sure that the set-up does not move while acquiring the 
data. To achieve this, in our set-up a holder was designed to make sure that the 
transducer/buffer/sample alignment is stable during the measurements[14]. Figure 11 
shows the design of the holder designed to perform the experiments. 
 

 
Figure 11: The holder designed to maintain the stability and alignment of the transducer/buffer rod/aluminum, throughout 

the acquisition of the signal. 
 

The tested objects should have smooth surfaces for precise measurements. To avoid 
scattering of the wave due to discontinuities along the surface of the material. The samples 
studied in our case have a smooth surface because of the fabrication process discussed in 
chapter 2. In addition to smooth surfaces, the upper and lower surfaces of the sample 
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should be parallel to detect the exact thickness and furthermore exact determination of 
speed of sound, acoustic impedance and attenuation. 
This method is very effective for thin samples, thus differences between the measurements 
become more distinguishable when pulses travel through the sample twice. For relatively 
thicker samples, this method might become less suitable since attenuation of the signal 
might become too high to be detected. 
The main disadvantage of this method is that the transducer cannot start receiving reflected 
signals until it has stopped ringing from its transmitting state. Pulses that are reflected close 
to the transducer surface can therefore not be detected. To overcome this limitation, one 
can increase the distance between transducer and reflector to delay the reflected signals or 
use two transducers located at the same side; one as source and the other one as receiver.  
The quality of the signal is determined by the transducer/buffer/sample contact. With the 
help of a good couplant and careful position, good results are obtained. The error is mainly 
due to bad contact between transducer and sample, if sample was not flat, smooth or 
parallel. 
 
Experimental setup: 
 

 In this experiment, one transducer was used to avoid the difficulty of matching the 
characteristics of the receiving and sending transducers. 

 A Pulser/Receiver unit is needed to produce and receive electrical pulses.  

 The pulser is connected to the oscilloscope to read the signals received by the 
transducer. 

 A buffer rod is added between the sample and the transducer to reach the far-field 
region. 

 Figure 12 below shows the experimental set-up 
 

 

Figure 12: A schematic diagram of the pulse-echo experimental set-up. 

A transducer can convert electrical energy to acoustical energy and vice-versa; it can be a 
transmitter and a receiver. For different transducers, one can obtain different results. For 
example, a low frequency transducer (0,5 MHz − 2,25MHz) gives great energy and 
penetration depth but has low sensitivity for small discontinuities. On the other hand, a high 
frequency transducer (15 MHz − 25MHz) has low penetration but high sensitivity to small 
discontinuities. During this experiment, several contact transducers with different 
frequencies (2.25MHz, 5MHz and 10MHz) were used, to determine the frequency 
dependence of the acoustical properties. 
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If the radius of the transducer is larger than the wavelength of the emitted wave, the 
acoustic field can be divided into two regions; near- and far-field. 
The main problem with the near-field is that the complex acoustic pressure distribution is 
dominated by interference phenomena causing deformation, and therefore the time delay 
measurements between echoes would lack accuracy. In far-field, however the beam 
structure is simpler because the acoustic pressure distribution is not dominated by 
interference since the axial intensity decreases as the inverse square of the distance from 
the transducer [15].   
The distance to achieve far-field is given by the following equation 
 

𝒁𝟎 = 𝒓𝟐

𝝀⁄      ( 35) 

 
Where r is the radius of the transducer and λ is the wave length of the wave emitted by the 
transducer. 
 
To make sure that the wave entering the sample is in the far-field acoustic field region, an 
aluminium buffer rod with length greater than Z0was used. Aluminum has low acoustic 
attenuation and high speed of sound which makes it a suitable candidate for a buffer rod. It 
is important to note that the length of the buffer rod should not be too long to avoid the 
presence of trailing echoes due to mode conversion, wave reverberation or diffraction along 
the rod. In addition to the length of the buffer rod, its shape also plays an important role in 
the presence of the trailing echoes.  
During this study, it was noticed that with the usage of a circular buffer rod the trailing 
echoes were present at a time periods 
 

∆𝑻𝒄 ≅ 𝑫√
𝟏

𝒗𝒔
𝟐 −

𝟏

𝒗𝑳
𝟐    ( 36) 

Where vs = 3040m/s and vL = 6420m/s are the shear and longitudinal speed of sound in 
aluminum and D is the diameter of the aluminum rod [16]. 

Figure 13 shows the trailing echoes determined during the pulse-echo experiment while 
using a cylindrical buffer rod it is shown that the trailing echoes interfere with the echoes 
that would be further analysed to determine the acoustical properties of the polymer. 
 

 
Figure 13: The signal detected by the oscilloscope when using a cylindrical buffer rod. The trailing echoes are separated by 

∆Tc ≅ D√
1

vs
2 −

1

vL
2 time difference. 
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A threaded circular buffer rod would be a perfect fit to increase SNR (signal to noise ratio) 
and eliminate the trailing echoes that are due to mode conversion from diffraction of the 
ultrasonic wave along the buffer rod. The mode converted shear waves are supposed to be 
out of phase and thus not detected by the transducer. During the experiments, the threaded 
cylindrical buffer rod showed no trailing echoes but the SNR of the signal detected was 
low[17]. 
 
Figure 14 shows the threaded buffer rod used, whereas the signal with no trailing echoes but 
with high noise is shown in Figure 15. 
 
 

 
Figure 14: The threaded aluminium buffer rod designed to eliminate the trailing echoes. 

 
Figure 15: The signal detected by the oscilliscope when using a threaded aluminium buffer rod. 

According to the study done by [15] a better SNR is achieved when the combination 
between the transducer and the rod has a less symmetrical geometry along the rod axial 
direction, that is for a circular transducer it would be better to use an odd polygonal buffer 
rod. 
The Figure below shows the odd-polygonal buffer rod used for the characterization of the 
OSTE-based polymers. 
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Figure 16: The odd-polygonal buffer rod used during the pulse-echo experiments. 

The signal detected using the odd-polygonal buffer rod, had a high signal to noise ratio. The 
fact that this buffer rod has no parallel sides, the generation of the trailing echoes will be 
restrained. Figure 17 shows that the trailing echoes are not present when use an odd-
polygonal rod. 
 

 
Figure 17: The signal detected by the oscilloscope while using the odd-polygonal buffer rod. 

In addition to the buffer rod used, the couplant at the interfaces plays an important role in 
the SNR. The couplant (glycerine) used during this study had an acoustical impedance close 
to that of the polymers characterized. A thin layer of couplant was used between different 
materials. The digital oscilloscope used during these experiments to display the wave 
detected by the transducer was a Tektronix TBS 1102B with 100 Mhz bandwidth and 2Gs/s 
sampling rate. 
 
3.2 Validation of experiments  
 
To validate the experiment the same experimental set-up was used to study the acoustical 
properties of two different materials with known properties.  For this purpose, the materials 
of choice were PDMS and PMMA polymers.  Both the speed of sound and the attenuation 
within these polymers were determined. The results are shown in chapter 4. 
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Chapter 4  
 
The results obtained from this project work are presented in chapter 4, after presenting the 
samples obtained, the density and the acoustical properties are also presented. The results 
of the materials used to validate the experimental set up used are also shown in this 
chapter. 
 
4.1 Samples Obtained 
 
During this master thesis, samples with different off-stoichiometric ratios and different 
chemical components were fabricated. 
 
OSTE polymer was first fabricated; the chemicals used during fabrication of OSTE-polymers 
are Thiol (tris[2(3-mercapto-propionyloxy) ethyl] isocyanurate), and allyl monomers (triallyl-
1,3,5-triazine-2,4,6(1H,3H,5H)-trione), with the help of a photo-initiator (Omnirad TPO-l).  
The weights for different components of different ratios are shown in Table 1 below. It is 
important to note that the amount of photo-initiator added is about 0,1 − 0,5% of the total 
mass. 
 

 

Off-stoichiometric 
ratio 

Mass of Thiol (g) 
 

Mass of Allyl (g) 

1:2 3 4,1 

2:1 
5,9 2 

Table 1: The mass of thiol and allyl needed for the different off-stoichiometry ratios of 1:2 and 2:1 polymers. 

 

Another process was done to fabricate the following OSTE+ polymers. In addition to thiol 
and allyl, epoxy BADGE was added. To initiate the reaction between the excess of thiol and 
epoxy a thermal initiator (1,5-Diazabicyclo[4.3.0] non-5-) was also added (about 0,1 − 0,5% 
of total mass). Table 2 shows the weights of different monomers needed to fabricate 
different OSTE+ polymers. 

 

Off-stoichiometric 
ratio 

 
Mass of Thiol 

(g) 

 
Mass of Allyl 

(g) 

 
Mass of Epoxy  

(g) 

1,5:1:0,5 
4 1,81 1,86 

3:1:2 
4,42 1 4,1 

2:1:1 
2,95 1 2,05 

Table 2: The mass of different monomers used to fabricate different off-stoichiometry ratios of OSTE+ polymers. 
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By adding different amounts of glass beads to the OSTE and OSTE samples, hybrid OSTE and 
hybrid OSTE+ were fabricated. Table 3 represents the masses of the glass beads needed to 
fabricate different hybrid OSTE polymers. 

Off-stoichiometric 
ratio 

Mass of glass (g) at 
8%volume 
 fraction 

Mass of glass (g) at 
16%volume 

fraction 

Mass of glass (g) at 
24%volume 

fraction 

Mass of glass (g) at 
32%volume 

fraction 

1:2  
1,19 

 
2,38 

 
3,57 

 
4,76 

2:1  
1,28 

 
2,56 

 
3,84 

 
5,13 

Table 3: The mass of glass beads needed to fabricate different hybrid OSTE polymers with different volume fractions. 

The mass of glass beads needed to fabricate the different hybrid OSTE+ polymers is show in 
Table 4 below.  

Off-stoichiometric 
ratio 

Mass of glass (g) at 
8%volume 
 fraction 

Mass of glass (g) at 
16%volume 

fraction 

Mass of glass (g) at 
24%volume 

fraction 

Mass of glass (g) 
at 32%volume 

fraction 

1,5:1:0,5 1,27 2,54 3,81 5,09 

3:1:2 1,59 3,17 4,76 6,35 

2:1:1 
0,99 1,99 2,99 

 
3,99 

Table 4: The mass of glass beads needed to fabricate different hybrid OSTE+ polymers with different volume fractions. 

 

4.2 Density of the different polymers 
 
The main aim of this thesis project is to determine the acoustic impedance of the different 
polymers fabricated to investigate how the addition of different volume fractions of glass 
beads can enhance the impedance. 
 
As mentioned before, the acoustical impedance is given by the following equation: 
 

𝒁 = 𝝆𝒄  ( 37) 

 
To determine the acoustical impedance of a material, one should first determine the density 
of the different polymers. The density of the polymers was determined by measuring the 
masses and volumes. 

𝝆 =
𝒎

𝒗
       ( 38) 

The mass of the samples has been measured by simply weighing each polymer sample on a 
scale. The volume was measured using differences in water levels in a graded cylinder before 
and after submerging the polymer into water. Table 5 and Table 6 below show the density of 
different OSTE polymer as a function of glass beads. The density of the polymer sample 
increases as the volume fraction increases. 
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Polymer Density (g/cm3) 

OSTE 1:2 1,38 

OSTE 1:2 (8%) 1,53 

OSTE 1:2 (16%) 1,56 

OSTE 1:2 (24%) 1,76 

OSTE 1:2 (32%) 1,86 
Table 5: The density of OSTE 1:2 polymers as a function of volume fraction of glass beads 

 
 
 
 
 

 
 

 
Table 7, Table 8 and Table 9 show the density of different OSTE+ polymer as a function of 
glass beads. The density of this polymer increases as the volume fraction increases. 
 

Polymer Density (g/cm3) 

OSTE+ 3:1:2 1,14 

OSTE+ 3:1:2 (8%) 1,15 

OSTE+ 3:1:2 (16%) 1,165 

OSTE+ 3:1:2 (24%) 1,175 

OSTE+ 3:1:2 (32%) 1,43 
Table 7: The density of OSTE+ 3:1:2 polymers as a function of volume fraction of glass beads 

 
 
 
 
 
 
 

 
 

Polymer Density (g/cm3) 

OSTE+ 1,5:1:0,5 1,15 

OSTE+ 1,5:1:0,5 (8%) 1,35 

OSTE+ 1,5:1:0,5 (16%) 1,42 

OSTE+ 1,5:1:0,5 (24%) 1,67 

OSTE+ 1,5:1:0,5 (32%) 1,74 

Table 9 The density of OSTE+ 1,5:1:0,5 polymers as a function of volume fraction of glass beads 

 

Polymer Density (g/cm3) 

OSTE 2:1 1,27 

OSTE 2:1 (8%) 1,39 

OSTE 2:1 (16%) 1,40 

OSTE 2:1 (24%) 1,62 

OSTE 2:1 (32%) 1,87 

Table 6: The density of OSTE 2:1 polymers as a function of volume fraction of glass beads 

Polymer Density (g/cm3) 

OSTE+ 2:1:1 1,08 

OSTE+ 2:1:1 (8%) 1,24 

OSTE+ 2:1:1 (16%) 1,33 

OSTE+ 2:1:1 (24%) 1,36 

OSTE+ 2:1:1 (32%) 1,60 

Table 8: The density of OSTE+ 2:1:1 polymers as a function of volume fraction of glass beads 
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4.3 Signal Analysis 
 
From the pulse-echo experiment, the speed of sound and the attenuation of the wave can 
be determined. And thus, one is able to characterize the different OSTE based polymers. 
The reflected wave is received by the transducer and displayed in the digital oscilloscope. 
Using the Matlab software, a program was designed to analyse the signal. Figure 18 shows a 
representative signal of the ultrasound wave detected by the oscilloscope. 
 

 
Figure 18: The signal of the wave reflected at different interfaces detected by the oscilloscope. 

 
To analyse this signal shown in Figure 18, the second and the third echoes were extracted 
using a matlab script. By selecting a suitable threshold, one is able to extract the echoes for 
further analysis. The detailed script of this function is added in the appendix. The desired 
echoes are extracted and saved as separate vectors for further analysis. 
 
After extracting the echoes, the speed of sound in the polymers was calculated using the 
time of flight method. This matlab function cross-correlates the vectors, detects the 
positions of the relevant peeks and finds the time difference between them. By using 
equation (12) the speed of sound within the polymer is determined.  
 
The attenuation is calculated after deriving the ratio of the amplitude of the Fast Fourier 
transform of each echo. The single frequency value of a transducer can be misleading since 
an ultrasonic transducer does not generate single frequency waves, it generates a range of 
frequencies. For example, one of the transducers used during these experiments had a 
frequency equal to 2.25 MHz. This value is the center frequency of the Gaussian shape 
spectrum that defines the range of the single frequency waves emitted by the transducer. 
We were interested in examining the behaviour of the wave with different frequencies while 
propagating in the sample, but since the signals obtained from transducer are in time 
domain, i.e. they provide amplitude of signal at different instants of time, it is important to 
transform the signals obtained to frequency domain. 
By determining the Fast Fourier transform of each of the echoes detected, the amplitude of 
the echo is determined at the central frequency of the transducer. Substituting the 
determined amplitudes and acoustic impedance determined previously in the derived 
equation (20), the attenuation of the sound wave as it propagates through the sample can 
be determined. The Matlab script used to determine the attenuation coefficient is presented 
in the appendix. 
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4.4 Validation of the experiment 
 
To validate the experimental set-up, two different materials with known properties were 
used. The acoustical properties of PDMS and PMMA polymers was determined using the 
experimental set-up.  
Table 10 shows the results obtained from this experiment versus the known properties of 
these materials.  
 
 

 

Material 

 

Speed of sound 

(m/s) 

-literature- 

 

Speed of sound 

(m/s) 

-experimental- 

 

Attenuation 

(dB/cm) 

-literature- 

 

Attenuation 

(dB/cm) 

-experimental- 

 

PMMA 

 

2720-2760 

 

2800 

 

7,24 

 

7,22 

 

PDMS (10:1) 

 

950-1055 

 

967 

 

33,57 @7MHz 

 

35,7 @10 MHz 

Table 10:Comparison between the speed of sound and the attenuation of PDMS and PMMA polymers in literature and that 
calculated with the help of the pulse-echo experimental set-up. 

 
4.5 Acoustical properties of polymers 
 

During these experiments, the measurements were acquired at least 6 times for each of the 
fabricated polymers. The reflected wave signal was measured 6 times, then the speed of 
sound and the attenuation coefficient of the polymers were determined. The results shown 
in this section are the average of the determined speed of sound and attenuation 
coefficients during this work. 
The main reason for the repetition of the experiments is to verify the results obtained and 
increase the accuracy of the experimental set-up. 
Graph 1 shows the variation of the speed of sound in OSTE 1:2 polymer as a function of glass 
beads added. It is shown that the speed of sound increased from 2350 m/s to about 
2600 m/s when a 32% volume fraction of glass beads is added. 
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Graph 1: The speed of sound in OSTE 1:2 polymer as a function of volume fraction of glass beads added. 

 
Graph 2 shows the variation of the speed of sound within the OSTE 2:1 polymer with respect 
to the volume fraction of glass beads added. One can notice that the speed of sound of this 
polymer is less than that of OSTE 1:2 due to the rubbery nature of the fabricated polymer. 
For OSTE 2:1 the maximum speed of sound was obtained at 32% volume fraction of glass 
beads and was equal to 2100m/s. 
 

 
Graph 2: Speed of sound of OSTE 2:1 as a function of volume fraction of glass beads added. 

 
Graph 3 shows the variation of speed of sound of OSTE+ 2:1:1 as a function of amount of 
glass beads added. The speed of sound increases from 2400 m/s at 0% volume fraction of 
glass beads to 2550 m/s at 32% volume fraction of glass beads. 
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Graph 3: Variation of speed of sound within OSTE+ 2:1:1 polymer as a function of volume fraction of glass beads. 

A significant increase was obtained in the speed of sound in OSTE+ 3:1:2 with the addition of 
different volume fractions of glass beads as shown in Graph 4 below.  

 
Graph 4: Variation of speed of sound within OSTE+ 3:1:2 polymer as a function of volume fraction of glass beads. 
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Graph 5: Variation of speed of sound within OSTE+ 1,5:1:0,5 polymer as a function of volume fraction of glass beads. 

The highest speed of sound was determined when adding 32 % of volume fraction of glass 
beads to OSTE+ 1,5:1:0,5 polymer. At 32% volume fraction of glass beads the speed of sound 
was measured to 2800 m/s as shown in Graph 5. 
Graph 6 shows the acoustic impedance increase as a function of glass beads in OSTE 1:2 and 
OSTE 2:1 polymers respectively.  
 

 
Graph 6: Variation of acoustic impedance of OSTE 1:2 and OSTE 2:1 as a function of volume fraction of glass beads. 

The acoustical impedance for the OSTE+ polymers increases as well with the addition of the 
volume fraction of glass beads. It is important to note that the acoustical impedance is 
independent of the frequency range of the transducer used during the acquisition of the 
signal. Graph 7 shows the increase of impedance within OSTE 2:1:1 polymer with the 
addition of glass beads. 
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Graph 7:  The graph shows the increase of the acoustical impedance as a function of the increase of the volume fraction of 

glass beads added. 

 
Graph 8: The variation of acoustic impedance of OSTE+ 3:1:2 and OSTE 1,5:1:0,5 as a function of volume fraction of glass 

beads. 

Graph 8 shows the increase of the acoustical impedance in OSTE+ 3:1:2 and 1,5:1:0,5 as a 
function of glass beads added. The maximum value is determined after the addition of 32% 
of glass beads to OSTE+ 1,5:1:0,5. 
Graph 9 shows the variation of the attenuation coefficient with respect to different amounts 
of glass beads. The attenuation coefficient decreases with the addition of more glass beads. 
One can notice that it is more difficult to obtain the attenuation coefficient within OSTE 2:1 
and that is because of the chemical nature of the polymer i.e. more rubbery. 
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Graph 9: The variation of the attenuation coefficient in OSYE 1:2 and OSTE 2:1 with respect to different amounts of glass 

beads. 

 
Graph 10 shows the attenuation of OSTE+ 2:1:1 as a function of different volume fractions of 
glass beads. It is clear that for higher frequencies, the wave undergoes more attenuation. 
 

 
Graph 10: The attenuation coefficient of OSTE+ 2:1:1 as a function of different volume fractions of glass beads 
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Graph 11: The decrease in attenuation coefficient with respect to the volume fraction of glass beads in OSTE+ 3:1:2 and 

OSTE+ 1,5:1:0,5 polymers. 

Graph 11 shows the variation of the attenuation coefficient with respect to the increase in 
the volume fraction of glass beads added.  The attenuation coefficient is shown to decease 
with the addition of more glass beads. It is clear that the attenuation coefficient varies with 
the variation of the frequency of the transducer.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



39 
 

Chapter 5  
 
Chapter 5 starts with a discussion of the sources of error that can contribute to the 
determination of the acoustical properties of the different polymers, using the pulse echo 
method. A general conclusion is then stated, followed by possible future work.  
 
5.1 Source of error 
 
During this project work, the pulse-echo method was used to determine the acoustical 
properties of different OSTE-based polymers with different volume fractions of glass beads. 
The pulse-echo experiment is an accurate method in determination of the speed of sound 
within the sample as well as the attenuation of the sound wave as it travels through the 
material. 
The addition of an aluminium rod, should not contribute to more inaccuracy because the 
acoustical properties of aluminium, i.e. the speed of sound and the attenuation coefficient 
are not temperature and nor frequency dependent. 
The main source of error of the measurements performed is the miss alignment between 
the transducer, aluminium rod and the polymer. To overcome this challenge, a holder was 
designed (as shown in Error! Reference source not found.) to make sure that the set-up is 
stable, and well aligned throughout the experiment.  
The couplant used is needed to form a coupling medium to promote the transfer of sound 
between different mediums. The couplant however plays an important role in the accuracy 
of the measurements. It has an influence on the amplitude of the pulse-echo signal. The 
couplant layer can cause error in the measurements of ultrasonic velocity and attenuation. 
For this project, the couplant used was glycerine which has an acoustic impedance close to 
that of the polymers and a small amount of couplant was added between the different 
interfaces. 
To be able to determine the acoustical properties of the material, the sample examined 
should have smooth surfaces because rough materials with surface discontinuities would be 
hard to characterize because of the attenuation or scattering of the wave. It is also 
important that the material examined has parallel top and bottom interfaces to determine 
the right thickness of the polymer. To make sure that the fabricated polymers have smooth 
surfaces, a thin glass was applied on the top and bottom layers of the pre-polymer before 
UV-curing, as discussed before in the fabrication process in chapter 2. To determine the right 
thickness of the material, for speed of sound and attenuation calculations, the top and 
bottom layers of the fabricated polymer should be parallel. To make sure that the fabricated 
polymer had parallel surfaces it was pressed with a heavy object against the table right after 
fabrication. 
 
5.2 Discussion and Conclusion 
 
The main scope of this study was to investigate the effect of the addition of different volume 
fractions of glass beads to the OSTE –based polymers. 
The addition of glass beads, helped increase the density, speed of sound and therefore the 
acoustical impedance of the polymers. As shown in Table 5 and Table 6 the density of the 
hybrid OSTE polymers increases with the addition of glass beads in the volume fraction 



40 
 

range 8-32%. Hybrid OSTE+ polymers undergo the same change, with a variation between 
one off-stoichiometric ratio and another this increase is shown in tables 7-9. 
The speed of sound also increases with the addition of the glass beads. We were not able to 
see that the speed of sound is dependent on the frequency. It was noticed that the 
difference between the determined speed of sound at different frequencies for the same 
polymer, is not that significant. This difference can be because of experimental error. The 
speed of sound of different OSTE-based polymers increased with the addition of the glass 
beads. By a study publish in the Chemical Engineering Journal, by V.Stolojanu [3] it was 
noted that the increase in the speed of sound is more significant after adding 15 % glass 
beads to the material. This however is not consistent with the results obtained during this 
project. The speed of sound increases with more glass beads, but this increase is variant 
between one polymer and another. As shown in Graphs 1, 3 and 5 the increase in the speed 
of sound within the polymers OSTE 1:2 and OSTE+ 2:1:1 and OSTE+ 1,5:1:0,5 is significant 
with the addition of 16% of volume fraction of glass beads. But for OSTE 2:1 and OSTE+ 3:1:2 
this increase is not significant at 16%. This variation between different polymers with 
different off-stoichiometric ratios is because of the chemical composition of the polymer 
itself. The access of thiol in OSTE 2:1 polymer, makes the polymer less rigid due to the 
chemical composition of the thiol monomer, thus the speed of sound is expected to be less 
than that for OSTE 1:2. As for OSTE+ 3:1:2 the access of the thiol and epoxy monomers, and 
because of their chemical composition, make the fabricated polymer less rigid, thus having 
less speed pf sound. 
The acoustical impedance increases as well with the increase of the volume fraction of glass 
beads. This increase is expected because the acoustical impedance is dependent on both the 
density and the speed of sound within the polymer. Maximum acoustic impedance was 
measured when having OSTE+1,5:1:0,5 at 32% volume fraction of glass beads. When 
comparing the chemical composition of OSTE+ 1,5:1:0,5 to that of OSTE+ 3:1:2 and OSTE+ 
2:1:1, one can notice that the amount of thiol and epoxy monomers used to fabricate this 
polymer is less compared to the amount of allyl. This chemical composition and because of 
the presence of less flexible groups during the fabrication of this polymer can explain the 
maximum acoustic impedance determined with this polymer.  
 
The accurate determination of the attenuation coefficient is more difficult, because of the 
different measurement and experimental errors that may contribute to this inaccuracy. The 
measurement error can be when determining the thickness, volume or mass of the 
fabricated polymers. Whereas the experimental error, can contribute to the inaccuracy in 
the determination of the speed of sound, acoustic impedance and the reflection and 
transmission coefficients.  
 
The attenuation within the hybrid OSTE and hybrid OSTE+ polymers decreases with the 
addition of the glass beads. That can be because of the size of the glass beads added to the 
polymer during the fabrication. The size was between 40 − 70 μm which is less than the 
wavelength of the sound wave. For example, at frequency 5MHz the wavelength of the wave 
in a liquid medium is equal to 310 μm. The wave will consider the polymer to be a 
homogenous medium rather than a heterogeneous one, and will not be scattered by the 
presence of these glass beads. The decrease of the attenuation can be because the addition 
of glass beads enhanced the acoustic impedance of the polymer itself. 
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The variation between different attenuation measurements is high. The higher is the 
frequency, and the more is the wave attenuated. In the case of OSTE 2:1 the big variation 
was obtained, and that is because of the nature of the polymer itself, i.e. a rubbery polymer, 
a more difficult determination of the attenuation of such a material. As for OSTE+ materials 
the decrease of the attenuation is determined with an increase of the volume fraction of 
glass beads as well. A higher attenuation was detected for higher frequencies. 
 
The attenuation within the fabricated polymers decreased with the addition more glass 
beads. It is important to note that the measurement of the attenuation is subject to more 
error and that is due to more experimental and measurements errors are included in the 
calculation of the attenuation coefficient. That would explain the variation within the 
attenuation coefficients shown in the graphs below.  The attenuation coefficient is 
frequency dependent with higher frequencies the attenuation is expected to increase. 
 
A comparison between acoustical properties of OSTE-based polymers and different 
materials used in microfluidic fabrication for different approaches is shown in Table 11 
below. 
Silicon and glass are the most common materials used in acoustofluidic applications, the 
acoustic impedance of OSTE-based polymers at 32% volume fraction of glass beads, is still 
low compared to that of both glass and silicon. The same goes for the reflection coefficient 
with respect to water, the maximum reflection coefficient measured in this thesis is when 
having OSTE+ 1,5:1:0,5 (32%), were R = 0,53 compared to R = 0,78 for glass. When adding 
more glass beads the acoustic impedance as well as the reflection coefficients are expected 
to increase. 
 
On the other hand, when comparing OSTE-based polymers to PMMA and PDMS, materials 
commonly used in the fabrication of microfluidic devices, OSTE-based polymers have much 
higher acoustic impedance and reflection coefficient. 
 

Material Density 
(Kg/m3) 

Velocity 
(m/s) 

Acoustic 
impedance 

(MRayl) 

Attenuation  
(dB/cm) 

Reflection 
coefficient 
w.r.t water 

Silicon 2330 8433 19,2 0,65 × 10−4@2MHz 0,85 

Glass 2200 5500 12,1 - 0,78 

PDMS 10:1 1580 950-1055 1,1 33,57@7MHz 0,14 

PMMA 1180 2720-2760 3,32 7,24@10MHz 0,38 

OSTE 1:2 1380 2351 3,24 22,5@10MHz 0,37 

OSTE 1:2 (32%) 1860 2587 4,8 17,1@10MHz 0,52 

OSTE 2:1 1270 1980 2,5 46,4@10MHz 0,25 

OSTE 2:1 (32%) 1870 2089 3,9 33,9@10MHz 0,45 

OSTE+ 3:1:2 1140 2311 2,64 33,8@10MHz 0,28 

OSTE+ 3:1:2 (32%) 1430 2757 3,94 31,2@10MHz 0,45 

OSTE+ 2:1:1 1080 2410 2,6 29,7@10MHz 0,27 

OSTE+ 2:1:1 (32%) 1600 2555 4,1 28@10MHz 0,47 

OSTE+ 1,5:1:0,5 963,88 2389 2,3 30,3@10MHz 0,21 

OSTE+ 1,5:1:0,5 (32%) 1740 2798 4,9 9,78@10MHz 0,53 

Water 1000 1480 1,48 0,022 - 
Table 11: The table shows the acoustical properties as well as the reflection coefficient with respect to water of fabricated 

OSTE-based polymers and materials used in the fabrication of microfluidic devices. 
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The attenuation coefficient however for OSTE-based polymers is much higher than that for 
silicon, glass and PDMS. But since the attenuation coefficient decreases with more glass 
beads, it is expected to reach a good level with the addition of more glass beads. 
 
 
5.3 Future work 
 
The main scope of this study was to investigate whether the addition of glass beads to OSTE-
based polymers would increase their acoustical impedance. In this project, fabrication of one 
set of each OSTE-based polymer was done.  Then these polymers were characterized using 
the pulse-echo experiment. For more reliable results a suggested approach is a re-
fabrication of the same set of OSTE polymers, as well as new set of measurements. It is also 
suggested to try and increase the volume fraction of glass beads added to the polymers, to 
investigate how much can the acoustic impedance increases. Furthermore, fabrication of 
microfluidic channel from hybrid OSTE or OSTE+ is proposed, as well as a study of the 
function of this channel in acoustofluidic approach. The addition of different type of epoxy 
polymer such as epoxy TGIC. Since the chemical composition of epoxy TGIC has less flexible 
groups, when compared with epoxy BADGE, it is expected that the addition of epoxy TGIC 
wouls enhance the stiffness of the fabricated polymer. It is also suggested to add different 
materials such as metal powder, to compare the enhancement of the different materials 
when added to OSTE-polymers with respect to that of the addition of the glass beads. 
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Appendix A 
 
OSTE-based polymers fabrication protocol: 
 
Before proceeding with the fabrication process, a set of calculations were done as mentioned 
previously in chapter 2, to obtain suitable weights of different monomers needed to obtain the 
desired off-stoichiometric ratios of different monomers.  
 

 Chemicals used:  
- Pentaerythritol tetrakis 3-meracaptopropionate (Thiol-monomer). 
- 1,3,5-triallyl-1,3,5-triazine-2.4.6 (1H,3H,5H)-trione (Allyl-monomer). 
- Bisphenol A diglycidyl ether Badge epoxy. 
- 1,5-Diazabicyclo[4.3.0]non-5-ene (thermal initiator). 
- Omnirad TPO-L (Photo initiator). 
- Glass beads, spherical glass beads with radius 40 − 70 μm 

 Instruments used: 
- Standing tubes. 
- Scale. 
- Gloves. 
- UV-lamp. 
- Squared PDMS mold. 
- Thin glass. 
- Fume hood ventilation/Mask 
- Vortex. 
- Vacuum pump. 
- Oven.  

 Fabrication process: 
The fabrication process of the different OSTE families differ, depending on the chemical 
composition of each.  
 

i)  fabrication process of OSTE polymer 
- Place standing tube on scale and tare. 
- Add the calculated weight of thiol and tare, and then add calculated weight of allyl. 
- A small amount of photo-initiator about 0.1-0.5% of total weight mixture is then added. 
- Mix monomers, by rotating along the axis of the standing tube, slowly for about 4 

minutes. 
- Pour mixture into the PDMS mold, slowly to minimize formation of bubbles. 
- Apply carefully think glass on top of PDMS/mixture surface to insure smooth surfaces. 
- Cure using UV-light for about 1-2 minutes. 
- Remove sample from PDMS mold, let rest for 24 hours. 

ii) Fabrication process of OSTE+ polymer 
- Place standing tube on scale and tare. 
- Add calculated weight of thiol and tare, and then add calculated weight of allyl. 
- Add small amounts of photo-initiator and thermal initiator. 
- Mix monomers, by rotating along the axis of the standing tube, slowly for about 2 

minutes. 
- Place standing tube on scale and tare, and then add the calculated weight of epoxy. 
- Mix mixture again for 2 more minutes. 
- Pour mixture in PDMS mold, try to minimize introduction of bubbles. 
- Apply carefully the think glass on the upper surface of the pre-polymer/PDMS. 
- Cure using UV-light for about 4 minutes. 
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- Remove sample from PDMS mold, and then cure in oven for 1 hour at 60°∁. 
- Let polymer rest for 24 hours. 

iii) Fabrication process of hybrid OSTE 
- Place standing tube on scale and tare. 
- Add calculated weight of thiol, allyl and glass beads needed to obtain suitable off-

stoichiometric ratio. 
- Mix mixture well using the vortex for about 1 minute. 
- Degas in vacuum pump for about 2-3 minutes. 
- Let mixture rest 2 more minutes before adding initiators. 
- Add 0.1-0.5% of photo initiator. 
- Rotate mixture slowly along the axis of the standing tube. 
- Pour pre-polymer into the PDMS mold 
- After applying the thin glass of the upper surface of PDMS, cure in UV-light for about 4 

minutes.  
- Remove polymer from PDMS carefully, let rest for 24 hours 

Iv)  Fabrication process of hybrid OSTE 

- Place standing tube on scale and tare. 
- Add calculated weight of thiol, allyl and glass beads needed to obtain suitable off-

stoichiometric ratio. 
- Mix mixture well using the vortex for about 1 minute. 
- Degas in vacuum pump for about 2-3 minutes. 
- Let mixture rest 2 more minutes before adding initiators. 
- Add 0.1-0.5% of photo initiator and thermal initiator. 
- Mix chemicals, by rotating along the axis of the standing tube, slowly for about 2 

minutes. 
- Add suitable amount of epoxy, mix mixture for 2 minutes slowly. 
- After pouring in the pre-polymer into the PDMS mold, cure with UV-light for 4 minutes, 

then in oven for about 1 hour at 60℃. 
- Let sample rest for 24 hours 

Extra notes: The photo initiator is influenced by the storage conditions, when exposed the 
light the initiator can release radicals. The thin glass applied on the top of the PDMS 
mold/pre-polymer mixture, was to make sure that the fabricated polymers had smooth 
surfaces, to avoid scattering due to discontinuities along the surface of the polymer, while 
proceeding the pulse-echo experiment. After fabrication, a heavy object was pushed against 
the polymer to make sure that the upper and lower surfaces of the polymer are parallel to 
get more accuracy during the pulse-echo experiment. 
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Appendix B 
 

Matlab protocol: 
 
Matlab code used to extract desired echoes from signal obtained: using this matlab code, the 
echoes of interest are extracted, saved into district vectors and plotted. 
 

 
csvdata=csvread('filename.CSV'); 
    t= csvdata(:,4); 
    signal=csvdata(:,5); 
     
    subplot(3,3,1); 
    plot(t,signal); 
    grid on; 
    [c, index] = min(abs(t-1.6687e-05)); 
    closestValues = t(index);  
    t=t((index-20):end); 
    signal=signal((index-20):end); 
    % set Threshold the signal 
    lowSignal = abs(signal) < 0.5; 
    % Remove stretches less than 10,000 elements long. 
    % And invert it to get the high signal areas instead of the quiet areas. 
    lowSignal = ~bwareaopen(lowSignal,20); 
    subplot(3,3,2); 
    hold on; 
    plot(lowSignal); 
    grid on; 
    % Plot both on the same graph now. 
    subplot(3,3,8); 
    plot(signal); 
    hold on; 
    plot(lowSignal); 
    grid on; 
    result = signal .*lowSignal; 
    subplot(3,3,3); 
    plot(result); 
    grid on; 
    edgeArray = diff([0; (lowSignal(:) ~= 0); 0]); 
    indices = [find(edgeArray > 0)-1 find(edgeArray < 0)]; 
  
    a1= signal(indices(1,1):indices(1,2)); 
    t1=t(indices(1,1):indices(1,2)); 
    x1=[t1,a1]; 
    n1=length(x1); 
     
  
    a2= signal(indices(2,1):indices(2,2)); 
    t2= t(indices(2,1):indices(2,2)); 
    x2=[t2,a2]; 
    n2=length(x2); 
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    a3= signal(indices(3,1):indices(3,2)); 
    t3= t(indices(3,1):indices(3,2)); 
    x3=[t3,a3]; 
    n3=length(x3); 
     
     
    a4= signal(indices(4,1):indices(4,2)); 
    t4= t(indices(4,1):indices(4,2)); 
    x4=[t4,a4]; 
    n4=length(x4); 
     
  
subplot(3,3,4); 
plot(t1,a1); 
hold on     
subplot(3,3,5); 
plot(t2,a2); 
hold on 
subplot(3,3,6); 
plot(t3,a3); 
hold on 
subplot(3,3,7); 
plot(t4,a4); 
hold on 
  

The code used to determine the speed of sound within each of the fabricated polymers. 
 
function speed = velocity1(x1,x2) 
prompt = 'enter thickness of sample in m'; 
h= input(prompt); 
[pks1,locs1]=findpeaks(x1(:,2)); 
  
[pks2,locs2]=findpeaks(x2(:,2)); 
t1=x1(:,1); 
t2=x2(:,1); 
A=[pks1,locs1]; 
  
B=[pks2,locs2]; 
val1= A(1,2); 
val2= B(1,2); 
tid1=t1(val1); 
tid2=t2(val2); 
  
delta_t=tid2-tid1; 
  
speed= 2*h/delta_t; 
end 
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The code used to calculate the attenuation coefficient within the polymers. 
 
function alpha = attenuation(x1,x2) 
%attenuation in db/cm 
prompt1 = 'enter thickness of sample in cm' 
h=prompt1; % length of sample in cm 
Z1=17.3*10^6; %acoustic impedance of aluminium rod. 
prompt2 = 'enter acoustic impedance of sample’ 
Z2=prompt2; 
Z3=420;%acoustic impedance of air 
R12= ((Z1-Z2)/(Z1+Z2)); 
R23= ((Z2-Z3)/(Z2+Z3)); 
T12=1-R12; 
T21=1+R12; 
coeff= (T12*T21*R23)/R12 
Amp = fastfouplot (x1,x2); 
alpha= -(1/(2*h))* log((Amp)*coeff); 
end 
 
function [Amp,Xamp,Yamp]= fasfouplot(x1,x2) 
  
Ts=2*10^-2; %sampling freq(MHZ) 
  
Fs=1/Ts; % sampling interval (s) 
  
N = length(x1); %length of data vector 
  
freq= 0:Fs/N:Fs/2-Fs/N; 
  
freq=freq';% represent x as column-vector if it is not 
X1=fft(x1(:,2)); 
%X1=fftshift(X1); 
  
X2=fft(x2(:,2)); 
%X2=fftshift(X2); 
amp1 = abs(X1(1:floor(N/2)).^2)/floor(N/2); 
amp1=fftshift(amp1); 
plot(freq,amp1); 
Xamp= max(amp1); 
amp2 = abs(X2(1:floor(N/2)).^2)/floor(N/2); 
amp2=fftshift(amp2); 
hold on 
plot(freq,amp2); 
Yamp= max(amp2); 
Amp=Yamp/Xamp; 
end 
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