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Abstract

Small diameter vascular grafts out of electrospun material offer a close match to the
biomechanical and structural properties of native blood vessels. For an optimal adaptation of
electrospun prostheses to native vessels, the mechanical behaviour as it would occur in vivo
has to be predicted. Dynamic measurements are therefore favourable.

Aim of this work was to establish a protocol for performing force controlled dynamic
mechanical analysis (DMA) measurements for dynamic characterisation, at physiological
pressure range, by the use of DMA setup and common dynamic loading. Furthermore, common
dynamic tests were performed in order to compare the information gained between these tests
and DMA measurements.

For the experiments, five electrospun grafts of three different wall-thicknesses (w.t) (150,
200, 300um) with inner diameter of 3 mm were prepared. A BOSE® Electroforce system (TA
Instruments — ElectroForce Systems Group, New Castle, DE, USA) was used for tensile tests
on ring-shaped specimens. The rings were loaded in circumferential direction by two steel pins.
First, the specimens were loaded dynamically at force controlled mode by triangle and sinus
waves. The dynamic loading consisted of 10 working cycles at frequency of 1Hz from 0.05N
to 0.18N, corresponding to a physiological pressure of 50 to 150mmHg. Then, the samples
were loaded in DMA mode with a logarithmic frequency sweep with 10 points from 1 to 100
Hz, with mean level of 0.18N, dynamic amplitude of 0.15N and a mean level rate of 0.1N/sec.

The dynamic tests for both triangle and sinus waves showed differences in the resulting force-
displacement graphs. From the force-displacement graphs the stress-strain curves were
produced by implementing two different approaches for strain calculation of circular grafts.
From the stress-strain curves the elastic modulus was calculated. Grafts of 150um had an E-
modulus of 0.20MPa, whereas for 200um and for 300um the stiffness was 0.18MPa and
0.13MPa respectively. The results from the DMA show the behavior of the samples over the
varying frequency. DMA measurements provide a variety of metrics as results for structural
characterization. The mean dynamic stiffness for the 150um samples was 0.62N/mm, for
200um 0.94N/mm and for 300um 1.13N/mm. The area of the hysteresis loop decreased at
higher wall thickness. Dissipated energy was 0.16N*mm for samples of 150um w.t,
0.01N*mm for 200um, and 0.1N*mm for 300um. The phase angle was 8.5degrees for 150um,
7degrees for 200um, and 6.5degrees for 300um. The DMA measurement also showed an
increase in storage and loss stiffness at higher loading frequency.

The structural behavior of small diameter ring-shaped specimens was measured by DMA and
common dynamic loading experiments. The measurements showed that DMA is applicable for
small ring-shaped electrospun samples. The viscoelasticity at varying frequencies at
physiological loading was obtained, which gives more detailed information about the
frequency dependent dynamic behavior. This allows a better characterization of the basic
structural behavior in comparison to common dynamic tests.
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Chapter 1

Introduction

1.1  Electrospinning

1.1.1  Introduction to electrospinning

The increasing number of patients in need of artificial vessel implantation due to
cardiovascular diseases highlights the necessity for artificial vascular grafts [1]. Vascular tissue
prosthesis is currently regarded as one of the most promising and innovative solutions in order
to overcome drawbacks related to small-diameter vascular substitutes.

Electrospinning is a valuable technique, which allows to fabricate nanofiber vascular grafts
with tailored structural properties, which are able to mimic the functional characteristics of the
natural extracellular matrix [2]-[4]. Furthermore, electrospinning allows the production of
nanofibers from various materials, e.g. organics and inorganics in different configurations and
assemblies. Promising materials for the fabrication of electrospun vascular grafts are
polyurethanes. Polyurethanes are known for their superior tensile strength, elastic properties
and biocompatibility [5][6].

1.1.2 The method of electrospinning

The fundamental principle of the electrospinning is to produce nonwoven fibers in nanoscale
through an electrically charged jet of polymer solution. This method for the production of
nanofibers was developed by Formhals [7] and has been studied thoroughly in the last
decades [8]-[10]. An electrically charged high molecular weight polymer solution is
introduced to an electric field. As a result, two forces will act on the solution, i.e an electrostatic
repulsive force E and a capillary force that causes liquid particles to flock together to minimize
the liquid surface tension y. While the magnitude of the electric field increases, the surface
charge of the drop also increases. When the repulsive force exceeds the surface tension, the
solution will break apart in long tiny liquid columns. The high concentration of charged
particles of similar nature causes them to be stretched longitudinally. This tendency to stretch,
along with jet inertia and rheology, will result in a random lateral jet motion and elongation,
resulting in a decrease of the jet radius down to several hundreds of nanometers.

The basic idea behind the electrospinning process is the application of electrostatic forces to
produce electrically charged jets out of polymer solutions. The basic setup of an
electrospinning process requires three main components: The syringe (1) which contains the
polymer solution, a high-voltage power supply (2) and a conductive rotating mandrel to collect
the nanofibers (3) (Figure 1.1).

During the electrospinning process, the polymer solution is pumped out of the syringe through
the needle with an accurate stable-rate infusion pump. Small drops of the solution are formed
at the needle tip. These drops are charged by the application of high voltage directly onto the
needle. The electric field between the needle and the collecting mandrel results in repulsive



forces that are greater than the surface tension of the polymer solution. The fluid jet is ejected
from the needle tip toward the collector mandrel which is already spinning and oscillating
simultaneously. The electric field contributes also to the stretching of the polymer jet, resulting
to thinner fibers[11].
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Figure 1.1: Top view of a basic electrospinning setup with its components. The electrodes
generate a strong force that drag the nanofibers from the tipple of the needle to the target.

1.1.3 Parameters influencing electrospun grafts

There are publications in the literature that prove that there is a number of parameters
influencing the morphology and properties of the electrospun grafts. These parameters can be
divided in three main categories: solution properties, processing conditions and ambient
conditions [12]-[11]. An overview of those parameters is presented in Table 1.1.

Table 1.1: Parameters influencing the electrospun grafts.

Solution Properties Processing Conditions Ambient Conditions
Viscosity Applied voltage Temperature
Polymer concentration Tip to collector distance
Molecurar weight of Flow rate Atmospheric pressure
polymer
Electrical conductivity Needle diameter
Elasticity of polymer Rotating and oscillating Humidity
Solvent ratio of components speed of the collector

Due to the low blood velocity into small vessels, graft material, structure and proper design
are very important factors that should be taken into account [15]. The ideal small-diameter
vascular graft must possess several characteristics, such as: (a) mechanical strength, which
includes physiological compliance and no susceptibility to permanent creep that can lead to
aneurysm formation; (b) biocompatibility, which is associated with a coalescent non-activated
endothelium; (c) an acceptable healing response that does not result in inflammation,
hyperplasia or fibrous capsule formation; and (d) ease of handling at the surgical standpoint
[16].



The electrospinning method provides the opportunity to process a wide range of polymers in
order to produce small-diameter blood vessels with tailored microstructural and mechanical
properties [17].

1.2 Dynamic mechanical analysis

1.2.1 Introduction

A crucial part for designing and manufacturing vascular grafts with the electrospinning
method is the in-vitro biomechanical characterization of these electrospun grafts. Due to the
nature, the size and the viscoelastic behavior, most of the common mechanical tests have
drawbacks and are unable to provide reliable results. To achieve the best possible
characterization, there is a clear need for DMA, additional to the established quasi-static tests.

DMA is becoming more and more frequently seen in the analytical laboratories as a tool [18]-
[20]. This technique is still treated with hesitation from a small number of scientists, due to the
fact that is based on the field of rheology. Rheology is the study of the deformation and flow
of materials. DMA is a technique that does not require a lot of specialized training to be used
for material characterization. It allows the characterization of bulk properties directly affecting
the performance of the structure or the material and has as a basic principle the application of
an oscillating force to a sample and the measurement of the strain that occurs.

1.2.2  Basic principle of DMA

DMA is based on applying an oscillating force to a specimen and measuring the response of
the material to the applied force. With this method, it is possible to calculate material properties
such as viscosity from the phase angle and the stiffness from the recovery of the specimen.
These properties resemble the capability of a material to dissipate energy (damping) and to
recover from the deformation (elasticity).

If a force (F) is applied across an area (A) of a specimen the quotient of force divided by area
is called stress (o). When subjected to a stress, a material will exhibit a deformation or strain,
&. This relation is usually visualized through stress-strain curves. The slope of the stress-strain
curve is the modulus, which is a measurement of how stiff is the material being tested. The
modulus of a material is an indication of its performance in a real-world application. These
data traditionally were derived from mechanical quasistatic tensile tests.

However, the measured modulus in DMA is not exactly the same as the modulus obtained by
the classic stress-strain curves from tensile tests (Figure 1.2). DMA measures the material
response to the applied sinusoidal force wave and calculates a complex modulus (E*), a storage
modulus (E’), a loss modulus (E’*), the phase shift between storage and loss modulus (Phase
Angle), and the elastic hysteresis. These different moduli enable a better characterization of
the material because we can quantify the ability to recover energy (E’), to lose energy (E*”)
and the damping (tan 3) which is the ratio of these effects (Figure 1.3). Phase angle is the
measurement of phase lag between the implemented force wave and the measured
displacement, and elastic hysteresis is a measurement of the dissipated energy.

10
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Figure 1.2: A typical stress-strain curve from a tensile experiment. The ratio between stress
and strain in the initial linear region is the Young’s Modulus.

E E*=E'+iE"”
0 Tan&=E"/F’
E* E” n*=E*/w
Where W=2Tt (frequency)

Figure 1.3: The modulus, the viscosity and the damping are calculated by measuring the
amplitude of the strain at the peak of the sine wave, and the phase shift () between stress and
strain waves. The more elastic the material the more E’ approaches E*.

1.2.3  Applying a dynamic stress to a sample

If we apply an oscillating load at a sample, we equivalently apply a sinusoidal stress wave.
Then we can expect that the applied stress can be defined as

0 = g, sin(wt) (1.2)

where ¢ is the stress at time t, co is the stress amplitude, and o is the angular frequency of
oscillation. Depending on the material and on its viscous behavior as well as elastic behavior,
the resulting strain wave will have a phase shift & from the applied stress wave. If the material
is at the elastic limit (Hookean limit) then it will reply elastically on the applying stress, and
the strain wave should be in phase (6=0) with the stress wave. If the applied stress is in the
linear elastic region, then ¢ and ¢ are linearly related by the Elastic Modulus E, and the strain
response can be written as

e(t) = g sin(wt) (1.2)
where ¢o is the strain amplitude. This can be seen in Figure 1.4a, where there is no phase shift

between the stress and the strain curve. If we now examine a material with a viscous behaviour,
the stress is proportional to the strain rate. The viscous response can be expressed as

11



e(t) = n% = nwao,cos(wt) (1.3)
or
e(t) = nwo, sin(wt + m/2) (1.4)
where 1 is the viscosity, and the equation can be written as
e(t) = weycos(wt) = wey sin(wt + w/2) (1.5)
This behavior can be seen in Figure 1.4b. Any other case with viscoelastic material behavior

between the elastic and the viscous limits will be intermediate between the aforementioned
cases and is shown in Figure 1.4c.
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Figure 1.4: (a) No phase shift is observed between the applied wave and the measured wave
when the material is perfectly elastic, (b) on the other hand when the material is perfectly
viscous the response is out-of-phase to the applied wave. (c) Response of viscoelastic materials.
The relationship between phase angle (3), E*, E" and E”’. [21]

The difference between the applied stress and the resulting strain is the phase angle & and
when added to the strain equation (1.2), the elastic response of the material at any time can be
expressed as
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e(t) = g sin(wt + §). (1.6)

The tangent of the phase shift is one of the most important properties calculated in DMA. It
is the ratio of the loss modulus (E’’) to the storage modulus (E’) and is independent of geometry
effects. This is called damping and it deflects the efficiency with which the material loses
energy to molecular rearrangements and internal friction.

tand = E"/E' (1.7)
where
E'" = Loss Stiffness = Z—;’sin ) (1.8)
and
E' = Storage Stiffness = Z—Z cosd (1.9)
calculated based on the
E* = Dynamic Stiffness = E' + {E" (1.10)

returned by the Fourier analysis as the ratio of the measured channel and the reference channel
(typically force and displacement).

1.3  Objective of thesis

The main objective of this thesis is to establish DMA measurements for small-diameter
electrospun grafts and establish a protocol for performing force controlled DMA meaurements
that will be reproducible from any future user of the BOSE ElectroForce testbench system.
Moreover, the additional value of DMA in structural properties will be investigated. The
optimal dynamic characterization of the ring-shaped samples will be done by the use of DMA
measurements at physiological pressure range and the use of common dynamic loading
experiments. In particular, DMA experiments will be performed to measure the structural
properties of materials as function of increasing frequency.

To allow a more generic understanding of the structural behavior of the small-diameter grafts
made by the electrospinning method, the influence of wall thickness of the electrospun grafts
will be studied also, by comparing the differences between the results of DMA measurements
and dynamic loading. The process for the production of the electrospun prostheses and the
steps followed, together with the parameters for the mechanical testing of the grafts, will be
presented in chapter 2. Finally, the goal is to compare the gained information from the DMA
measurements with the results from common dynamic tensile testing and report the differences
of both experiments in chapter 3.

13



Chapter 2
Materials & Methods

2.1 Mechanical testing setup

The circumferential strength of the electrospun grafts was measured with the BOSE
ElectroFroce® TestBench LM1 system (Bose Corp. MN, USA) modified for tensile tests on
ring-shaped specimens. This system is configured with a controllable linear motor which can
produce forces up to 200N and a 10N force transducer. The displacement range of the linear
actuator is 13mm, from -6.5mm to 6.5mm. Specifications of the testing systems can be seen in
Table 2.1 and the experimental setup is shown in Figure 2.1. It consists of a moving, and a
static part. One pin is attached to the moving part of the linear motor and controls the
displacement, while the other pin is attached to the static part and connected with a load cell to
control the force. The rings were loaded in circumferential direction by two steel pins with
diameter of 0.6 mm.

Drive shaft
Load cell  sample

/

e

/ Linear motor

Stable
part

Pins where specimen is
placed

Linear motor

Load cell Specimen placed between
these 2 pins

Figure 2.1: Modified tensile testing machine.
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Table 2.1: Specifications of BOSE ElectroForce® TestBench LM1 system [22].

Typical TestBench Component Specifications*

Peak Force/ Stroke/ Maximum Approximate Approximate
Torque Rotation Velocity * Dimensions Weight
(HxWxL)
ElectroForce 200 N +200 N + 6.5 mm 32mis 216 x 280 x 254 mm 7.3 kg
(£ 45 Ib) (£0.25in) (126 in/s) (8.5x 11 x 10 in) (16 Ib)

2.2 Electrospinning tubular scaffolds

The vascular grafts were fabricated with an electrospinning device comprising a high-voltage
power supply (CPP 300-304-24-5, ET System electronic GmbH, Altlussheim, Germany), a
custom-made infusion pump, a syringe, and a rotating mandrel (Figure 2.2). The 2-mL syringe
held the polymer solution and was fitted with a blunt-ended needle which was connected to the
high voltage generator. The polymer solution was pumped through the syringe. All grafts were
made of 4% Pelletane 2363-80A. The mandrel (diameter: 3.0 mm, length: 98 mm) was rotated
at 250 rpm and oscillated in the transverse direction. The distance between the needle and the
mandrel was set at 9 cm. The polymer solution was electrostatically drawn from the tip of the
needle by applying a voltage of 9 kV to the mandrel. The complete electrospinning device was
placed in a Faraday cage and operated in a class 1000 clean room at a temperature of 26°C and
a relative humidity of 28% [17]. An example of an electrospun mandrel can be seen in

Figure 2.3.
+ fi -

HIGH
VOLTAGE

Rotating and oscillating

V / 4 / mandrel

T nanofibers

Syringe driven by
infusion pump
Figure 2.2: Basic scheme of electrospinning - (1) syringe and infusion pump, (2) high voltage
power supply, (3) collecting mandrel. The tip of needle is connected to high voltage and the
ground was connected directly at the rotating mandrel. The rotating and oscillating mandrel
collects the fibers and is positioned between these two electrodes.
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Electrospun graft, product of
electrospinning process.

Rod used to collect the -
electrospun fibers

Figure 2.3: An example of finished electrospun mandrel.

Using the method described above, three electrospun grafts with a 3.0 mm inner diameter and
98 mm length, and 3 different wall thicknesses of ~150 um, ~200 um and ~300 pm were
manufactured. The inner diameter of the grafts was limited by the size of the mandrel and the
wall thickness by the spinning time. In order to produce grafts with different wall thickness,
each rod was spun for a different amount of time. The spinning time of each rod and the resulted
wall thickness can be seen in Figure 2.4 and Figure 2.5.

#1 #2 #3
Electrospun time 25 min. 45 min. 70 min.
Wall Thickness 100-150 170-250 260-340
[um]

Figure 2.4: Varying electrospun time and the resulting wall thickness.
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Range of wall thickness for each electrospun rod
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Number of electrospun rod

Figure 2.5: The resulted range wall thickness for each rod across the whole length that was
spun.

2.3 Examination of wall thickness and selection of
specimens

The electrospun mandrels were dried under vacuum at room temperature for 24 h. The outer
diameter of each rod was measured with a non-contacting optical micrometer (ODC 2600,
MICRO-EPSILON Eltrotec GmbH, Uhingen, Germany). The measurement system consists of
a light source, a receiver and the controller. The measurement setup can be seen in Figure 2.7.
The receiver is an integral high-resolution line-scan camera for the measurement of geometrical
quantities. The light source illuminates the target from the rear. The line scan camera in the
receiver measures the projected outer contour of the target with resolution of 0.1 um [23]. The
measurement program “Diameter of a target” was selected as operating mode. The electrospun
rod was then mounted on the mounting rail between the light source and the camera. During the
measurement, the mounting rail is rotated and scanned, between the LED source and the
receiver lens, across the whole length of the rod and the measurement of the diameter of the
target is obtained. The working principle of the optical micrometer is shown in Figure 2.6.

Light source Target Receiver

LED (red) Filter CCD-array

[ _6__ B ;',"_‘_'(.-_-_..A_.‘.A}ﬂ
Lens Telecentric Lens Diaphragm

range

Diameter

@

Figure 2.6: Mesuring principle of optical micrometer. [23]

Receiver

’ Light source
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Light source

Target mandrel
for
measurement

Receiver

Figure 2.7: The optical micrometer measurement system and its components [23].
The outer diameter of each electrospun rod was measured, careful selection of the specimens

was done at the zone of the rod, where the wall thickness had lower variation from the desired
values. The zone chosen for each rod can be seen in Figure 2.8.
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Figure 2.8: Selected zone for extraction of specimens. (A) For the mandrel with wall
thickness of 150 um, (B) and (C) are for the mandrels with 200 um and 300 um wall thickness
respectively.

For each wall thickness, 6 specimens for the open angle experiments and 6 specimens for the
application of DMA measurements were prepared. The grafts for the mechanical tests had a
length of 3mm, while the grafts used for the open angle experiments had a length of 2mm. The
specimens were cut precisely with a lathe using a knife as it can be seen in Figure 2.9. The
specimens were cut alternating for the mechanical tests and the open angle experiments. For
example, in the rod with wall thickness 150um the first set of specimens were cut from 30-
35mm and contained both the first set of specimens for the mechanical tests and the open angle
experiments. The same procedure was followed until both 5 sets of specimens were collected
for each wall thickness. From these 6 specimens, 1 was used for preliminary tests, to optimize
the procedure for the DMA application.
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Figure 2.9: Self-made cutting knife used to cut the grafts precisely.

2.4 Open angle experiments

In order to examine if residual stresses are present on the electrospun grafts open angle
experiments were performed, as proposed by Fung [24]. The Green’s strains in circumferential
direction (Eeo) are related to the corresponding stretch ratios (Ae) [25].

Circumferential: Egg = %(/15 -1) (2.1)

A photo of each ring was taken before performing an axial cut with a surgical knife. For each
ring, an axial cut was made, thereby releasing residual stresses. After 30 minutes, a digital image
of each ring was taken in order to determine the change of the geometry and measure the open
angle and the change of length in the inner and outer circumference. A second digital image
was made after 60 minutes to compare the measurements with the first image made at 30
minutes after the cut (Figure 2.10).

A) Before the axial cut B) 30 mins after the cut

Measuring the Opening
Angle

Figure 2.10: Images taken of a specimen with 300um wall thickness before and after the axial
cut. Measurement of Opening Angle is also shown according to [24].
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The images taken were implemented in to the ImageJ (ImageJ 1.52a, National Institutes of
Health Bethesda, USA) and the opening angle was measured on the middle point from the length
of the inner circumference. The length of the circumference of the inner wall of the graft was
measured before and after the axial cut

' 9 iress: length after the cut (zero — stress)
LY aq: length before the cut (no — load state)

where superscripts i and 0 are indicative of “inner” and “circumferential”. Similarly, the
circumferential length of the outer wall was measured and obtained:

L99,..ss: length after the cut (zero — stress)
L8 |, qq: length before the cut (no — load state)

From the measurements, we obtain the stretch ratios on the inner and on the outer wall.

i0 LiY 1oad 00 Lo 1oad

— “noloa — “noloa

Ano load — ;i8 (23) ' Ano load = ;o8 (2'4)
0—stress 0—stress

2.5 Deformation experiments

In order to quantify the effects of wall thickness into the mechanical measurements, one
specimen from each wall thickness (150pum, 200um, and 300um) was deformed until the
stretched position was reached like the schematic representation in Figure 2.11. The stretched
position was reached when the distance of the walls is equal to the diameter of the pins
d=0.6mm.

B) Theoretical stretched
position

Pin distance at stretched position = 3.77 + 0.6 = 4.37 mm

A) Initial Position

Specimen is stretched when D=d= 0.6 mm

h 1
1 ! :
: 1 ' !
1 - H '
1 ! - '
1 ! ! '
| itial pin di = A : ‘
! Initial pin distance =2 mm H | 3.77 mm 1

Figure 2.11: Schematic drawing of initial position, and the theoretical stretched position.

The initial distance between the two metallic pins was fixed at 2 mm. An image of the pins
was made. The image was inserted in Image J, in order to achieve a correspondence between
the pixels of the image and the length of a millimetre. After the distance was fixed, a specimen
from each wall thickness was placed and deformed with a step of 0.1 mm until the stretch
position was reached. In each step, a photo of the specimen was made so that the distance
between the walls can be measured, and the deformation from the initial configuration to the
stretched one can be seen. The generated force and displacement were measured during the
deformation.
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2.6 Calculation of force range

To investigate the mechanical properties of the ring-shaped specimens the testing machine
used was the BOSE ElectroForce 200N testbench system, with the experimental setup
described in Chapter 2.1. The testing machine is accompanied with the WinTest® software
package. WinTest® is the user interface and control platform of the ElectroForce testbench.
This software was used to implement first a triangular dynamic loading, then a sinusoidal
dynamic loading and as a final step perform a dynamic mechanical analysis with a frequency
sweep at a constant temperature.

All the experiments were performed in force control mode. This means that the control
channel was the force and the measured channel was the displacement. The force range applied
at the ring-shaped specimens was calculated, using Laplace’s Law for thin-walled vessels. An
assumption was made that the relevant stresses in the wall of the electrospun grafts are hoop
stresses (assumption of a thin-walled vessel) (Figure 2.12).

Thin-walled tube

Wall thickness ¢
Pressure p

| }

Wall tension, T Wall tension, T

Figure 2.12: Thin-walled assumption for Force calculation of force range for DMA
experiments.

F=TxA , T=px= , A=2xtxl (2.5)

where, T: wall tesnsion F: applied force, p: pressure, D: inner diameter, t: wall thickness,
A:area and I: length of graft

From the physiological pressure range and the geometry of the electrospun grafts the Force
range for the experiments was calculated (Table 2.2).

Table 2.2: Force range that corresponds to the physiological pressure range and used for the
experiments.

80 mmHg 0.096 N 0.03N 28 mmHg
120 mmHg 0.143 N 0.35N 285 mmHg
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2.6.1 Measurement procedure

As mentioned in the objective of the thesis, one of the main tasks of this work was to establish
a reproducible protocol for force-controlled DMA measurements. In this section, the procedure
of the experiments will be explained thoroughly. The same workflow was followed and
repeated for every specimen.

The first step of the procedure was to set the distance between the pins 2 mm. The specimen
was installed in the experimental setup. For better optimization of the results the software
provides an automatic tuning function called TunelQ. TunelQ uses Bose-proprietary tuning
algorithms to provide automatic tuning for ElectroForce linear motors in both displacement
and load control for nearly all tuning situations. To use TunelQ with a cyclic test waveform, a
sinus test waveform was defined. The appropriate limit forces were set between L1=0.0300 N
—L2=0.3500 N, in order to secure that the specimen will not be exposed to load conditions that
exceed the desired force. After a successful tuning was performed two different dynamic
waveforms were implemented. First, a force controlled triangle wave was implemented, with
force range that corresponds to the physiological pressure range (Fiow=0.050 N — Frigh=0.180
N) for 10 working cycles and at a frequency of f=1 Hz. In the following, a sinus wave was
implemented with the same characteristics of the triangle wave (Figure 2.13).

First loading case: Tringle wave Second loading case: Sinus wave
Fhigh=0,18 N Fpign=0,18 N
Fiow=0,05 N Fiow=0,05 N
F=1Hz, 10 loading cycles F=1Hz, 10 loading cycles
sample i
eadiaall / p Drive shaft

~a

==
e
2 loading
cases

Pins where specimen is
placed

Figure 2.13: Characteristics of the two waves that were implemented for dynamic loading

For the DMA measurements, the data acquisition channels chosen were the displacement for
the displacement channel, load for the load and the hold channel, since the goal were force
controlled experiments. As sweep variable the frequency was chosen, with logarithmic increase
from 1 Hz till 100 Hz with 5 points per decade. As for the mean level and dynamic amplitude
control the load selection was selected. The load conditions were the following, hold value=
0.050 N, mean level= 0.180 N, dynamic amplitude= 0.150 N and the mean level rate was set
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at MLR=0.1 N/sec. A representative of the DMA application after setting the desired
conditions can be seen in Figure 2.14 and Figure 2.15.
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Figure 2.14: Typical windows of DMA application with desired constants for a logarithmic
frequency sweep.
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Figure 2.15: Setting of the DMA measurements. Table with implemented frequencies and
values set in WinTest®.
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2.6.2 Strain calculation for cylindrical specimens

For the translation of the measured displacement of the mover to deformation of the specimen
from the implemented force range, 2 different strain calculations were implemented as
explained above.

15t Approach

The first approach for the evaluation of engineering strain was based on equation (2.6). The
distance between the pins was translated into circumferential deformation of the specimen
using Egs. (2.7) - (2.9) [26]. The initial position of the pins was set 2 mm, after this the distance
between the pins could be tracked in every position of the mover. In the position -4,60 mm of
the mover the distance of the pins was 3 mm, which is equal to the theoretical inner diameter
of the electrospun grafts. Based on this, the length of the inner circumference was calculated:

= == D (2.6)
Lo Co
Cint= m * pin_distance(3 mm) (2.7)
Co==n * pin_0_distance(>3 mm) (2.8)
Cm== * pin_m_distance(> pin_0_distance) (2.9)

where, Cint: is the initial circumferencial length at position -4,60 mm, Co: is the circumference
at the starting position of the loading cycle, Cm: is the circumference at the maximum
position of the loading cycle

The calculations of circumferential length were then used in equation 2.6 for the strain
calculation.

2"d Approach

The second approach for the strain calculation was based on the same methodology with the
first approach, but instead of using only the pin distance for the calculation of the
circumference, the wall thickness (w.t) of the specimen is added. So, the equation 2.8 and 2.9
becomes:

Co= = * (pin_0_distance+w.t) (2.10)
Cm=x * (pin_m_distance+w.t) (2.11)

The new calculations of circumferential length were then used in equation 2.6 for the strain
calculation.
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Chapter 3

Results

In this section, the results obtained from the experiments mentioned in Chapter 2 are
presented. The most important aspects for the evaluation of the implemented method for the
structural characterization of electrospun vascular grafts is the reaction to the DMA
experiments.

In all experiments, the handling of the electrospun grafts was critical. On the one hand, this
is due to the extraction of the grafts from the metallic rods, on the other hand after the end of
each DMA application the mover was returning on the initial position causing an overstretch
of the specimens and as a result the destruction of the specimens. Nevertheless, a good amount
of data has been achieved from the experiments that were performed and the analysis of these
data produced results, that their significance is discussed in Chapter 4.

3.1 Open angle experiments

The measured open angles for the electrospun grafts with different wall thickness is shown in
Figure 3.1. The mean and standard deviation of the opening angles were calculated for the
specimens tested from each wall thickness. For the specimens with wall thickness 150um,
200pum and 300pum the mean open angle was ~4.60°, ~1.78° and 9.55° respectively and the
standard deviation was ~5.06°, ~1,90°, and ~4,04°.

Open angle results for each wall thickness

Open Angle (Degrees)

0
ISJL\m 200pm 300um

Wall Thickness

Figure 3.1: Measured opening angles of the grafts with different wall thickness. The three
blue bars represent mean values. The black lines show the standard deviation.
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The circumferential stretch ratios from the zero-stress to the no-load condition calculated on
the specimens with three different wall thickness based on length measurements of the inner
and outer wall are listed in Table 3.1.

Table 3.1: Calculated circumferential stretch ratios based on measured lengths of zero-stress
and no-load states.

Wall States Circumferential stretch ratios
Thickness D)
(L) (L°9) Inner Wall | Outer Wall
Inner Wall | Outer Wall (A9 1oad) (228 10ad)
(mm) (mm)
150um Zero stress 8.08 8.67
(Lo stress) 1.006 1.013
No Load 8.12 8.78
(Lno load)
200pum Zero stress 8.03 8.95
(Lo stress) 1.002 1.009
No Load 8.04 9.03
(Lno load)
300pum Zero stress 8.04 9.33
(Lo stress) 0.99 1.009
No Load 8.03 9.41
(Lno load)

No-load state indicates 0OmmHg blood pressure. The circumferential stretch ratios, calculated
values refer to zero-stress length measurements as explained in chapter 2.4.

The distribution of the circumferential residual stretch ratio in the vessel wall at the no-load
condition for each wall thickness is illustrated in Figure 3.2. These values are the mean values
of circumferential stretch ratio as it was measured from 5 specimens for each wall thickness. It
is seen that the residual stretch ratio is tensile both in the inner and the outer wall. Under the
conventional assumption that plane sections remain plane in bending, the stretch ratio
distribution in the vessel wall is a straight line. In Figure 3.2B, the mean stretch ratio for
electrospun grafts with wall thickness 200um, is positive. The corresponding mean stretch ratio
in the electrospun grafts with wall thickness of 300um is shown in Figure 3.2C. It is seen that
the residual stretch ratio is compressive in the inner wall and tensile in the outer wall.
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Grafts with 150pum wall Grafts with 200pm Wall Grafts with 300pm Wall
thickness Thickness Thickness
1.015 1.01 1.01

1.008 1.008
- / 1.006 1.006
1.004 1.004
S O 1.002 o 1.002
1 -
0.998
0.996
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Circumferential Strech
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Rin Rout Rin Rout

Rin Rout

Circumferential Strech
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Figure 3.2: Circumferential stretch ratio distribution in the electrospun vessels whose
dimensions are listed in Table 3.1. A: A mean measured residual stretch ratio for grafts with
wall thickness of 150um. Residual stretch can be read from linear scale shown on right. Rin
and Rou, inner and outer radius of vessel wall, respectively. B: Mean circumferential stretch
ratio at electrospun grafts with w.t of 200pum. C: corresponding stretch ratios of grafts with

w.t of 300um.

3.2 Deformation experiments

The effects of different wall thickness on the deformation of the ring-shaped grafts are shown
in Figure 3.3. The blue line is for the ring with wall thickness of 150pm. The force starts rising
after the ring has reached the stretched state, which is when the distance of the pins is 3,7 mm.
To bring the ring in the stretched state it took a total displacement of 1,7 mm. For the same
amount of displacement, the ring with wall thickness 200um produced a force of
Fstretchea=0.05N. The ring with wall thickness of 300um produced a force of Festretched=0.24N,
which already exceeds the physiological blood pressure range.

Generated Force vs. Pin distance

0.15 / = 150pm
Z 0.14 - - /
; 013 y e 200pm
g g-ﬁ Force range that applies for the physiological blood pressure range ~ / s
o U 4

0.10 a

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01 —_—

0.00 . * — +

200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 3.60 3.70
Pin distance (mm)

Figure 3.3: Generated force occurring from deforming three electrospun rings with different
wall thickness. Blue line is for the ring with wall thickness of 150um, the red for 200um, and
the green is for 300um respectively. The violet lines depict the force range based on the
physiological pressure range.
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It can be seen that the three rings with different wall thickness produce a force greater than
Fmin=0,01 N at different points during the deformation process. For the ring with wall thickness
of 300 um this point is at the position -5,00 mm, where the pin distance is 2,6 mm which is less
than the inner diameter of the grafts. For the ring with wall thickness of 200 pm Fmin was
reached at the position -4,60 mm, where the pin distance is 3 mm, equal to the inner diameter
of the grafts. For the ring with wall thickness of 150um Fmin is reached at the position -3,90
mm, where the pin distance is equal to 3,7 mm.

3.3 Triangular loading & sinusoidal loading

The two loading cases, first the triangle wave and then the sinus wave, implemented at the
beginning of the DMA workflow for preconditioning each specimen can be seen in Figure 3.4.
These graphs contain results from only one specimen for each wall thickness and they are not
average values for all the specimens tested. It can be seen, that although both waveforms were
force controlled and implemented at the same force range (Fiow=0.050 N — Frigh=0.180 N), the
result was different displacements at different positions through the working range.
Furthermore, it can be seen that the unloading limit (lower limit) is decreasing in the graph of
the triangle wave for each wall thickness.

I!'iangle Displacement vs time for 3 wall thickness . §inus Displacement vs time for 3 wall thickness

150um n n n n n i N N 150um
200um i I [ {1\ i\ I [ I 200um
aof | L (N | SR S i 1 1 1 300um | T A T R T A Y I D Vo 300um |
(AT A (A L WY A I NN Iy 0y I T A W R S (N T R Ry
[ | [ I \ I ! I Al [ TR A T Y R AR I TR A R (N R B
Vo A AR AT A | Vo R T I R
\ ] Vv /1 ) Vo | (R [ T A T Y |
\ i \ A 1 ] 1 [ f 1
1 II f 1 II
f

Figure 3.4: The two waveforms, triangle (A) and sinus (B) versus Time, implemented for
preconditioning of each specimen. Here can be seen the results only for a specimen of each
wall thickness.

The Force-Displacement results from the two waveforms are presented in Figure 3.5. This
graph is made from the data exported from the WinTest® software and displayed through
Matlab. It can be seen that the implementation of the same force range at the electrospun grafts
with different wall thickness produces displacement of the mover at different positions. The
range of displacement is not identical for the triangular and sinusoidal waves. A further
noticeable difference between the two implemented waveforms is the hysteresis loop that is
produced from the cyclical loading of the specimen. In both graphs, the relationship between
the load and displacement for the electrospun grafts with wall thickness of 300 & 200 pum is
not linear. In contrast, the graph for the graft with 150 um wall thickness seems to have a linear
relation between the implemented force and generated displacement.
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Load vs. Disp triangle Load vs. Disp sine
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Figure 3.5: The relationship between Load and Displacement for the electrospun grafts with
different wall thickness for (A) the triangle wave and (B) the sinus wave.

In Figure 3.6 are presented the stress-strain graphs, as they were calculated based on the first
approach for strain calculation that is explained in the Materials & Methods section 2.6.2.
More specifically, for the grafts with wall thickness 150 um the produced stress was again 0.25
MPa in a corresponding strain of 10.5%. The maximum stress for the graft of wall thickness
200 and 300 um was 0.15 MPa at 10% strain and 0.1 MPa at 8.8% strain respectively.
Furthermore, the amplitude of strain corresponding to each stretched graph is decreasing with
the wall thickness increasing. The values for the strain amplitudes resulted from the three
methods are contained in Table 3.2.

Stress vs strain triangle wave Stress vs strain sinus wave
0.25 0.25

[——— 150um [—— 150um
200um
300um

0.2

stress in MPa
stress in MPa
)
&

o

8.8 9 9.2 9.4 9.6 9.8 10 10.2 104 106 108 8.6 8.8 9 9.2 94 9.6 9.8 10 102 104 106
strain (%) strain (%)

(A) (B)

Figure 3.6: The stress-strain curves for both waves implemented.

The results from the second calculation of strain, that include the wall thickness to the
circumferential length calculation, are shown in Figure 3.7. In this case, the three graphs for
specimens with different wall thickness line up. In contrast to Figure 3.6, the graphs are shifted
in larger strains. Specifically, for the grafts with wall thickness 150 um the maximum resulted
stress is almost 0.25 MPa but with a corresponding strain of 11%, while with the second method
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the same stress resulted at a strain of 10.5%. This implies a strain shift of 0.5% between the
first and the second approach for strain calculation. This shift of strains increases for an
increasing wall thickness of the graft being tested, for example the shift in strain of the grafts
with wall thickness 200 and 300 um is 0.6% and 0.9% respectively. The amplitude of the strains
between the first and second approach of calculation is the same, as seen in Table 3.2.

Stress vs strain triangle wave Stress vs strain sinus wave

0.2}

stress in MPa

9.6 98 10 102 104 1086 108 " 1.2 9.6 98 10 102 104 106 108 1" 12
strain (%) strain (%)

Figure 3.7: Stress-strain curves after concluding the wall thickness into the calculation of
circumferential length.

Table 3.2: Strain amplitudes for each approach of strain calculation implemented.

Strain calculation 1 Strain calculation 2
150 pm =~ 200 pm 300 pm 150 pm | 200 pm | 300 pm

Strain 0,85 0,61 0,71 0,85 0,60 0,70
Amplitude (%)
SINUS WAVE

Strain 0,80 0,60 0,70 0,80 0,60 0,70
Amplitude (%)

TRIANGLE
WAVE

The stress-strain curves in Figure 3.7 were used to calculate the Elastic modulus at each
loading cycle for both implemented waves, in order to compare the results between the
dynamic loading at a single frequency and DMA with a frequency scan till 100 Hz. The resulted
Elastic Modulus values from the dynamic loading waves implemented can be seen in Figure
3.8. The Elastic Modulus calculated from both waves are in close correlation. The Elastic
Modulus values for the grafts with wall thickness of 150 and 200 um were stable for the 8
loading cycles, in contrast for the graft with wall thickness 300 um the Elastic modulus is not
stable across the loading cycles implemented. The highest Elastic Modulus equals to 2.8 MPa
and was observed for the grafts with wall thickness 150 um. For the grafts with wall thickness
200 um the calculated Elastic Modulus was 2.5 MPa.
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Figure 3.8: (A) Elastic Modulus from the implementation of triangle wave for 8 loading
cycles in comparison to (B) Elastic Modulus calculated from sinus wave.

3.4 Results from DMA measurements

The application of a force controlled sinusoidal wave with logarithmically increasing
frequency had different corresponding displacements for the grafts with different wall
thickness, as it can be seen in Figure 3.9. The actual amplitude of force is between 0,10 N —
0,26 N instead of 0,03 N — 0,33 N, that was given as an input force range. Furthermore, it can
be seen that the implementation of a force controlled wave resulted in displacements at
different positions and with different displacement amplitudes.

Load vs. Disp (150um & 200um & 300um)

0.3 ;

T

1Hz

1.6 Hz
25Hz
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-~ 10 Hz
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25 Hz
40 Hz
63 Hz
100 Hz

Loadin N
o
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-3.8 -36
Disp in mm

(9] (B) (A)

Figure 3.9: (A) The force-displacement graph for the grafts with 150 pm wall thickness. (B)
& (C) are for the grafts with wall thickness of 200 um & 300 um respectively. Frequencies
tested are shown with different colours.
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The stress-strain graphs in Figure 3.10 were calculated based on the force deformation curves
in the figure above, and depending on the initial position of the mover when the loading cycle
was beginning and on the amplitude of deformation. The same force range produced different
stress values in the tested grafts. Specifically, for the grafts with wall thickness of 150 um the
maximum stress reached almost 0.35 MPa, while for the grafts with wall thickness 200um and
300 pum the maximum stress reached was slightly above 0.2 MPa and above 0.15 MPa
respectively. Moreover, while the max stress generated is stable over the frequency sweep the
same it doesn’t seem to apply for the generated strain. The increase of frequency in each step,
increases the speed of mover, and the result is the stiffening of the grafts.

Stress vs strain DMA for 150um Stress vs strain DMA for 200um ,
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Stress vs strain DMA for 300um
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Figure 3.10: (A) Stress-strain relationship of grafts with wall thickness of 150um for the
frequency sweep. (B) & (C) the stress-strain for the grafts with wall thickness 200 um and
300 pum.
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As mentioned in the Introduction, the DMA measurements offer a variety of metrics for better
understanding the structural properties of a specimen when it is subjected to a sinusoidal force
wave with increasing frequency. Since in this case, the reference channel was force and the
measured channel was displacement, the output was the dynamic stiffness together along with
storage and loss stiffness. In Figure 3.11 can be seen the results of the dynamic stiffness of the
grafts across the frequency range tested. The graphs are separated depending on the wall
thickness of the grafts. The graphs for 200 um and 300 um contain only four curves because 1
specimen from each wall thickness was destroyed due to failure of the DMA software. There
is an increase of dynamic stiffness with increase of the frequency for all the specimens
regardless the wall thickness. Moreover, there is an increase in the values of dynamic stiffness
with increasing the wall thickness of the specimen tested, for the 150 um samples the dynamic
stiffness was from 0.5 — 0.8 N/mm, and for 200 and 300 pm samples was 0.8 — 1.2 N/mm and
0.9 — 1.4 N/mm respectively.
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Figure 3.11: The Dynamic Stiffness of all the grafts tested.
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In Figure 3.12 the results for the storage stiffness of the specimens are very close to the values
of the dynamic stiffness. Since the values of storage stiffness E’ are very close to the dynamic
stiffness E*, this is an indication that the specimens show more elastic behavior than viscous.
The storage stiffness graphs show the same trends with the graphs of dynamic stiffness with
increasing the storage stiffness while the frequency and the wall thickness increases. Together
with the dynamic and the storage stiffness, the loss stiffness of the specimens is calculated and
presented in the Figure 3.13. The highest values of loss stiffness, 0.9 — 1.35 N/mm, are
observed for the samples with the thickest wall thickness and is increasing as the frequency
increases.
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Figure 3.12: The storage Stiffness of all the grafts tested.
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Figure 3.13: The Loss Stiffness of all the grafts tested.

The comparison between the stiffness metrics for the grafts with different wall thickness can
be seen in Figure 3.14. These values represent mean values from all the grafts tested at each
wall thickness. The increase of the wall thickness in the grafts results to an increase of the
dynamic stiffness. The samples with 150 um wall thickness had mean dynamic stiffness of
0,62 N/mm, while for 200 pym and 300 pum samples was 0,94 N/mm and 1,13 N/mm

respectively.
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Stiffness for 150um grafts
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Figure 3.14: Comparison between stiffness for grafts with increasing wall thickness.
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Another important measured value from the DMA software is the phase angle between the
reference wave (force) applied, and the measured wave (displacement). The results can be seen
in Figure 3.15. Three different graphs present the values of phase angle for the grafts with
different wall thickness that were tested. At low frequencies, the thicker grafts present lower
values of phase shift compared to the ones for the grafts with wall thickness of 150 pum, but at
higher frequencies the phase shift values are comparable for all the grafts. The mean values of
phase shift for the grafts can be compared in Figure 3.16. In contrast to the dynamic stiffness,
the phase angle decreased as the wall thickness of the sample tested increased.
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The impact of increasing frequency in the area of elastic hysteresis can be seen in Figure
3.17. The samples of wall thickness 150 um and 200 um showed a decrease in the area of the
hysteresis loop at higher loading frequency. Also, the area of the hysteresis loop decreased at
higher wall thickness (Figure 3.18). Dissipated energy was 0.02 N*mm for samples of 150
um, 0.01 N*mm for 200 um and 0.008 N*mm for 300 pum.
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Figure 3.17: Elastic Hysteresis for the specimens with different wall thickness.
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At Figure 3.19 is showed the measured tan delta for the samples with different wall thickness.
Tan delta is the ratio of the loss modulus to the storage modulus and is a dimensionless value.
In short, it is the ratio of viscous part to the elastic one in a polymer. The tan delta decreased
at higher wall thickness (Figure 3.20). DMA measurements showed that with increasing
frequency, the tan delta increases also. For the 200 um samples the values of tan delta were
above 0.1 for lower frequencies and reached 0.15 for 100 Hz frequency.
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Figure 3.19: Tan Delta as it was measured from DMA measurements. It resembles the ratio
between viscous and elastic part in the structure that was measured.
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Chapter 4

Discussion

The aim of this thesis was the dynamic characterization of small-diameter electrospun
vascular grafts at physiological pressure changes, by the use of DMA measurements and
common dynamic loading experiments. Also, the effect of wall thickness to the mechanical
characterization of ring-shaped specimens in tensile tests was evaluated. As shown in the
results section the implementation of force controlled DMA measurements was successful in
combination with dynamic loading for preconditioning of the specimens. From the 15 samples
prepared for mechanical tests, five for each wall thickness produced, only one specimen from
each graft with wall thickness of 200 um and 300 um was destroyed due to an error in the
software that didn’t allow to proceed four experiments in a row.

The results from the residual strain analysis show that as the wall thickness of the grafts
increases, the distribution of the circumferential stretch ratio changes. For both grafts with wall
thickness 150pum and 200um the strain is tensile in both the inner and the outer wall, but this
is not the case with the grafts of 300um, where the strain is compressive in the inner wall region
and tensile in the outer wall region. Although simple, the results for residual deformations
based on the open angle experiments, provide qualitative information of the two-dimensional
residual deformation.

Since the geometry of the ring-shaped specimens was the same, except the wall thickness, the
displacement needed from the linear motor in order to bring the specimens into fully stretched
position was assumed to be the same. From the deformation experiment can be derived that the
parameter that affects the stiffness of the specimens is the wall thickness. The bigger the wall
thickness of the specimen the higher is the force that is being produced from the deformation
and this is a result from the bending of the fibers across the samples wall. As a consequence,
the thickest samples exceed the force equivalent to physiological pressure values before it was
fully stretched.

The common dynamic loading experiments showed that the application of specific waveform
affects the area of the hysteresis loop. The area of the graph from the measurements with the
sinus wave, which corresponds to the dissipated energy, is bigger than the area from the cycling
loading with the triangle wave. The effect of increasing the wall thickness also affects the area
of the hysteresis. The stress strain curves that were calculated show a non-linear relationship
for the 300 um samples. A possible explanation is that due to the high wall thickness the
displacement applied did not result in actual deformation, and the generated force was a result
from the bending of samples wall.

The results in section 3.3.2 show that DMA measurements are applicable for small ring-
shaped electrospun samples. The structural behaviour of small diameter ring-shaped specimens
was measured together with their dependency on loading frequency. More detailed information
was gained from the DMA measurements in comparison to common dynamic loading
experiments regarding the structural behaviour of the samples under physiological conditions.
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4.1 Limitations

The limitations of this work are linked to the limits of the capabilities of the experimental
equipment. The BOSE® Electroforce bench was unable to perform DMA experiments in Force
control mode with Dynamic Amplitude smaller or equal to 0.1 N. Moreover, the system
showed a resonance frequency at 50 Hz, which did not allow a linear frequency sweep and that
was the reason why the logarithmic sweep was chosen.

Regarding the stress-strain calculation, the actual deformation of the samples was not possible
to be measured. The size of the specimens did not allow the use of strain gauge for accurate
strain measurements. The displacement of the mover was translated to two different strains that
vary an order of magnitude from each other. An accurate measurement of the inner diameter
of samples, after the extraction from the spinning rods, would lead to a more accurate
calculation of strain and as a consequence to a better structural characterization.

4.2 Future goals

Despite their minor shortcomings, DMA measurements are applicable for small ring-shaped
electrospun samples. In the future, it will be possible to further improve the measurements with
a more sensitive load cell. Due to incapability to measure accurately the strain in the samples,
the calculation gives a variance of an order of a magnitude. To increase the accuracy of the
method, it would be necessary to stain the specimens and measure the actual deformation with
a video extensometer. Due to the simplicity of the aforementioned method, improvements
should be done also to the ambient conditions under which the measurements were performed.
In order to be able to predict the mechanical behavior as it would occur in vivo, not only the
forces that correspond to physiological pressure are essential, but the temperature and
wettability are of vital importance.

4.3 Conclusion

The structural behavior of small diameter ring-shaped specimens was measured by DMA and
compared to common dynamic loading tests. The measurements show that DMA is applicable
for small ring-shaped electrospun samples. The viscoelasticity at varying frequencies at
physiological loading was obtained, which gives more detailed information about the
frequency dependent dynamic behavior. This allows a better characterization of the basic
structural behavior in comparison to common dynamic tests.
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Appendix A

Matlab script for the stress-strain calculation of sinus and triangular waveforms

clc;

startingpoint= 4.600;

Lo= 7.48; %initial length of each specimen in mm
wt= [ 0.15; 0.200; 0.300]; %wall thicknesses in mm
r=0.3; %radius of pin

cycleVector=[ 1, 2, 3, 4, 5, 6, 7, 81;

% calculation of stress
for i=1:9001

stressl(i)=load sin 150(i)/0.75;

stress2(i)=load sin 200(1i)/1.2;

stress3(i)=load sin 300(i)/1.8;

stressltri(i)=load tri 150(i)/0.75;

stress2tri(i)=load tri 200(i)/1.2;

stress3tri (1) load tri 300(i)/1.8;
end
% calculation of strain
for i=1:9001

strainl (i)=abs(disp sin 150 (i)+abs (min(disp sin 150))) /abs (min(disp_ sin
_150)) >

strain2 (i)=abs (disp sin 200 (i) +abs (min(disp sin 200))) /abs (min(disp_ sin
_200)) ;

strain3(i)=abs (disp sin 300 (i) +abs (min(disp_ sin 300)))/abs (min(disp sin
300));

strainltri(i)=abs(disp tri 150(i)+abs (min(disp tri 150)))/abs (min (disp
tri 150));

strain2tri(i)=abs(disp tri 200 (i)+abs (min(disp tri 200)))/abs (min (disp
tri 200));

strain3tri(i)=abs(disp tri 300(i)+abs (min(disp tri 300)))/abs (min(disp
tri 300));

end

$figure stress-strain sine wave

figure ('Name', 'Stress vs Strain for 3 wall thickness')
plot(strainl,stressl, 'k',strain2,stress2, 'b',strain3,stress3, 'r');
title('Stress vs strain sinus wave', 'FontSize',20);

xlabel ('strain (%) "');

ylabel ('stress in MPa');

legend ('150um', '200um', '300um’") ;

axis ([0 0.12 0 0.25]);

grid on;

$figure stress-strain triangle

figure('Name', 'Stress vs Strain for 3 wall thickness')

plot(strainltri, stressltri, 'k',strain2tri, stress2tri, 'b',strain3tri, stress3
tri,'r'");

title('Stress vs strain triangle wave', 'FontSize',20);

xlabel ('strain (%) ") ;
ylabel ('stress in MPa');

legend ('150um', '200um', '300um’") ;
axis ([0 0.14 0 0.25]);
grid on;
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$figure disp-time for sine wave

figure ('Name', 'Disp vs time for sine wave')

plot(time sin 150,disp sin 150, 'k',time sin 200,disp_sin 200, 'b',time sin 3
00,disp sin 300, 'r");

title('Sinus Displacement vs time for 3 wall thickness', 'FontSize',20);
xlabel ('Time (s)'");

ylabel ('Disp (mm) ") ;

legend ('150um', '200um', '300um"') ;

grid on;

$figure disp-time for triangle wave

figure ('Name', 'Disp vs time for triangle wave')

plot(time tri 150,disp tri 150, 'k',time tri 200,disp_ tri 200, 'b',time tri 3
00,disp tri 300, 'r");

title('Triangle Displacement vs time for 3 wall thickness', 'FontSize',20);
xlabel ('"Time (s)');

ylabel ('Disp (mm) ") ;

legend ('150um', '200um', '300um"') ;

grid on;

$Function for the calculation of E-modulus for sinus wave of 3 w.t
[r 150 sin E modulus,r 200 sin E modulus,r 300 sin E modulus]=Emodcalculsin
(stressl,strainl, stress?2,strain2, stress3,strain3);

SFunction for the calculation of E-modulus for triangle wave of 3 w.t
[r 150 tri E modulus,r 200 tri E modulus,r 300 tri E modulus]=Emodcalculsin
(stressltri,strainltri, stress2tri,strain2tri, stress3tri,strain3tri);

%$Plot the E-modulus for sinus wave of 3 w.t for each cycle.
figure ('Name', 'E-modulus for sinus wave of 3 w.t for each cycle')
plot (cycleVector,r 150 sin E modulus, '*-
k',cycleVector,r 200 _sin E modulus, '*-
b',cycleVector,r 300 sin E modulus, "*-r');

title('E-modulus for each loading cycle', 'FontSize',20);

xlabel ('Number of Loading cycle');

ylabel ('E-modulus (MPa)'");

legend ('150um', '200um', '300um’") ;

grid on;

%$Plot the E-modulus for triangle wave of 3 w.t for each cycle.
figure ('Name', 'E-modulus for triangle wave of 3 w.t for each cycle')
plot (cycleVector,r 150 tri E modulus, '*-
k',cycleVector,r 200 tri E modulus, '*-
b',cycleVector,r 300 tri E modulus, '*-r'");

title('E-modulus for each loading cycle', 'FontSize',20);

xlabel ('Number of Loading cycle');

ylabel ('E-modulus (MPa)'");

legend ('150um', '200um', '300um') ;

grid on;

Matlab script for making a figure for every metric calculated from DMA
measurements

clc;

%graph for phase shift for each wall thickness for 5 specimens
figure ('Name', 'Phase shift values of 3 wall thicknesses for 5 specimens')
subplot(3,1,1)
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plot (frequencyVector, Deltal50 1,'*-k',frequencyVector, Deltal50 2, '+-
k', frequencyVector, Deltal50 3, 'o-k', frequencyVector,Deltal50 4,'.-

k', frequencyVector, Deltal50 5, 'x-k');

title('Phase Shift 150um', 'FontSize',20);

xlabel ('Frequency in (Hz)'"');

ylabel ('Phase Shift in (Degrees)');

grid on;

subplot (3,1,2)

plot (frequencyVector, Delta200 1,'*-b',frequencyVector, Delta200 2, '+-
b', frequencyVector, Delta200 3, 'o-b', frequencyVector, Delta200 5, 'x-b'");
title('Phase Shift 200um', 'FontSize',20);

xlabel ('Frequency in (Hz)'"');

ylabel ('Phase Shift in (Degrees)');

grid on;

subplot (3,1, 3)

plot (frequencyVector, Delta300 1,'*-r',frequencyVector, Delta300 2, '+-
r',frequencyVector, Delta300 3,'o-r',frequencyVector, Delta300 4,'x-r'");
title('Phase Shift 300um', 'FontSize',20);

xlabel ('Frequency in (Hz)');
ylabel ('Phase Shift in (Degrees)');
grid on;

%graph for Dynamic Stiffness for each wall thickness for 5 specimens
figure ('Name', 'Dynamic Stiffness values of 3 wall thicknesses for 5
specimens')

subplot (3,1,1)

plot (frequencyVector, dynstiffl50 1, '*-k', frequencyVector,

dynstiffl50 2, '+-k', frequencyVector,dynstiffl150 3, 'o-

k', frequencyVector,dynstiff150 4,'.-k', frequencyVector, dynstiffl50 5, 'x-
k")

title('Dynamic Stiffness 150um', 'FontSize',20);

xlabel ('Frequency in (Hz)'"');

ylabel ('Dynamic Stiffness in (N/mm) ") ;

grid on;

subplot (3,1,2)

plot (frequencyVector, dynstiff200 1, '*-b', frequencyVector,
dynstiff200 2, '+-b', frequencyVector, dynstiff200 3, 'o-b', frequencyVector,
dynstiff200 5, 'x-b');

title('Dynamic Stiffness 200um', 'FontSize',20);

xlabel ('Frequency in (Hz)');
ylabel ('Dynamic Stiffness in (N/mm) ") ;
grid on;

subplot (3,1, 3)

plot (frequencyVector, dynstiff300 1,'*-r', frequencyVector,
dynstiff300 2, '+-r', frequencyVector, dynstiff300 3, 'o-r', frequencyVector,
dynstiff300 4, 'x-r'");

title('Dynamic Stiffness 300um', 'FontSize',20);

xlabel ('Frequency in (Hz)');

ylabel ('Dynamic Stiffness in (N/mm) ") ;

grid on;

%graph for Hysteresis Loop for each wall thickness for 5 specimens
figure ('Name', 'Hysteresis Loop values of 3 wall thicknesses for 5
specimens')

subplot (3,1,1)

plot (frequencyVector, Hysteresisl50 1,'*-k', frequencyVector,
Hysteresisl50 2, "+-k', frequencyVector, Hysteresisl50 3, 'o-

k', frequencyVector,Hysteresisl50 4,'.-k', frequencyVector,
Hysteresisl50 5, "x-k'");
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title('Elastic Hysteresis 150um', 'FontSize',20);

xlabel ('Frequency in (Hz)'"');

ylabel ('Hysteresis in (N-mm) ') ;

grid on;

subplot (3,1,2)

plot (frequencyVector, Hysteresis200 1,'*-b', frequencyVector,
Hysteresis200 2, '+-b', frequencyVector, Hysteresis200 3, 'o-
b', frequencyVector, Hysteresis200 5, 'x-b');

title('Elastic Hysteresis 200um', 'FontSize',20);

xlabel ('Frequency in (Hz)');
ylabel ('Hysteresis in (N-mm) ') ;
grid on;

subplot (3,1, 3)

plot (frequencyVector, Hysteresis300 1, '*-r', frequencyVector,
Hysteresis300 2, "+-r', frequencyVector, Hysteresis300 3, 'o-
r',frequencyVector, Hysteresis300 4, 'x-r');

title('Elastic Hysteresis 300um', 'FontSize',20);

xlabel ('Frequency in (Hz)');
ylabel ('Hysteresis in (N-mm) ') ;
grid on;

%graph for Loss Stiffness for each wall thickness for 5 specimens

figure ('Name', 'Loss Stiffness values of 3 wall thicknesses for 5
specimens')

subplot (3,1,1)

plot (frequencyVector, lossstiffl150 1,'*-k', frequencyVector,

lossstiffl50 2, '+-k', frequencyVector,lossstiff150 3, 'o-

k', frequencyVector, lossstiff150 4,'.-k', frequencyVector, lossstiffl50 5, 'x-
k') ;

title('Loss Stiffness 150um', 'FontSize',20);

xlabel ('Frequency in (Hz)');
ylabel ('Loss Stiffness in (N/mm) ') ;
grid on;

subplot (3,1,2)

plot (frequencyVector, lossstiff200 1,'*-b',frequencyVector,
lossstiff200 2, '+-b', frequencyVector, lossstiff200 3, 'o-b', frequencyVector,
lossstiff200 5, "x-b");

title('Loss Stiffness 200um', 'FontSize',20);

xlabel ('Frequency in (Hz)');
ylabel ('Loss Stiffness in (N/mm)"');
grid on;

subplot (3,1, 3)

plot (frequencyVector, lossstiff300 1,'*-r', frequencyVector,
lossstiff300 2, "+-r', frequencyVector, lossstiff300 3, 'o-r', frequencyVector,
lossstif£f300 4, 'x-xr'");

title('Loss Stiffness 300um', 'FontSize',20);

xlabel ('Frequency in (Hz)'"');
ylabel ('"Loss Stiffness in (N/mm) ') ;
grid on;

%graph for Storage Stiffness for each wall thickness for 5 specimens

figure ('Name', 'Storage Stiffness values of 3 wall thicknesses for 5
specimens')

subplot (3,1,1)

plot (frequencyVector, storstiffl50 1, '*-k', frequencyVector,

storstiffl150 2, '+-k', frequencyVector,storstiff150 3, 'o-

k', frequencyVector, storstiff150 4,'.-k', frequencyVector, storstiffl50 5, 'x-
k')

title('Storage Stiffness 150um', 'FontSize',20);
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xlabel ('Frequency in (Hz)');

ylabel ('Storage Stiffness in (N/mm) ") ;

grid on;

subplot (3,1,2)

plot (frequencyVector, storstiff200 1,'*-b', frequencyVector,
storstiff200 2, '+-b', frequencyVector, storstiff200 3, 'o-b', frequencyVector,
storstiff200 5, 'x-b'");

title('Storage Stiffness 200um', 'FontSize',20);

xlabel ('Frequency in (Hz)');
ylabel ('Storage Stiffness in (N/mm) ") ;
grid on;

subplot (3,1, 3)

plot (frequencyVector, storstiff300 1,'*-r',frequencyVector,
storstiff300 2, "+-r', frequencyVector, storstiff300 3, 'o-r', frequencyVector,
storstiff300 4, "x-r'");

title('Storage Stiffness 300um', 'FontSize',20);

xlabel ('Frequency in (Hz)'"');

ylabel ('Storage Stiffness in (N/mm) ") ;

grid on;

%graph for Tan Delta for each wall thickness for 5 specimens

figure ('Name', 'Tan Delta values of 3 wall thicknesses for 5 specimens')
subplot(3,1,1)

plot (frequencyVector, TanDeltal50 1, '*-k', frequencyVector,

TanDeltal50 2, '+-k', frequencyVector,TanDeltal50 3, 'o-

k', frequencyVector, TanDeltal50 4,'.-k',frequencyVector, TanDeltal50 5, 'x-
k')

title('Tan Delta 150um', 'FontSize',20);

xlabel ('Frequency in (Hz)');
ylabel ('Tan Delta');
grid on;

subplot (3,1,2)

plot (frequencyVector, TanDelta200 1,'*-b', frequencyVector,
TanDelta200 2, '+-b', frequencyVector, TanDelta200 3, 'o-b', frequencyVector,
TanDelta200 5, 'x-b');

title('Tan Delta 200um', 'FontSize',20);

xlabel ('Frequency in (Hz)'"');
ylabel ('Tan Delta');
grid on;

subplot (3,1, 3)

plot (frequencyVector, TanDelta300 1,'*-r', frequencyVector,
TanDelta300 2, '+-r', frequencyVector, TanDelta300 3, 'o-r', frequencyVector,
TanDelta300 4, 'x-r');

title('Tan Delta 300um', 'FontSize',20);

xlabel ('Frequency in (Hz)'"');

ylabel ('Tan Delta');

grid on;

$graph for Damping for each wall thickness for 5 specimens

figure ('Name', 'Damping values of 3 wall thicknesses for 5 specimens')
subplot (3,1,1)

plot (frequencyVector, Dampingl50 1,'*-k', frequencyVector, Dampingl50 2, '+-
k', frequencyVector, Dampingl50 3, 'o-k', frequencyVector,Dampingl50 4,"'.-
k', frequencyVector, Dampingl50 5, 'x-k'");

title('Damping 150um', 'FontSize',20);

xlabel ('Frequency in (Hz)'"');

ylabel ('Damping') ;

grid on;

subplot (3,1,2)
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plot (frequencyVector, Damping200 1,'*-b',frequencyVector, Damping200 2, '+-
b', frequencyVector, Damping200 3, 'o-b', frequencyVector, Damping200 5, '"x-
b');

title('Damping 200um’', 'FontSize', 20);

xlabel ('Frequency in (Hz)'"');
ylabel ('Damping') ;
grid on;

subplot (3,1, 3)

plot (frequencyVector, Damping300 1,'*-r',frequencyVector, Damping300 2, '+-
r', frequencyVector, Damping300 3, 'o-r', frequencyVector, Damping300 4, "x-
r');

title('Damping 300um', 'FontSize',20);

xlabel ('Frequency in (Hz)'"');
ylabel ('Damping') ;
grid on;

Matlab script for calculating the stress-strain curve from force-displacement for
DMA measurements.

% This algorithm calculates the stress & strain for a DMA measurement and
% from the stress-strain graph calculate the Elastic Modulus.
clc;

for i=1:11
if i==
for j=1:9001
stressl(i,j)=loadl conditionl (j)/0.75;
strainl (i, j)=abs(displ conditionl (j)+abs (min (displ condition
1)))/abs (min (displ conditionl));
stress2(i,j)=load2 conditionl(j)/1.2;
strain2 (i, j)=abs(disp2 conditionl (j)+abs (min (disp2 condition
1)))/abs (min(disp2 conditionl));
stress3(i,j)=load3 conditionl(j)/1.8;
strain3 (i, j)=abs(disp3 conditionl (j)+abs (min (disp3 condition
1)))/abs (min(disp3 conditionl));
end
elseif i==
for j=1:9001
stressl(i,j)=loadl condition2(j)/0.75;
strainl (i, j)=abs(displ condition2(j)+abs (min(displ condition
2)))/abs (min(displ condition2));
stress2(i,j)=load2 condition2(3j)/1.2;
strain2 (i, j)=abs(disp2 condition2 (j)+abs (min (disp2 condition
2)))/abs (min (disp2 condition2));
stress3(i,j)=load3 condition2(j)/1.8;
strain3 (i, j)=abs(disp3 condition2 (j)+abs (min (disp3 condition
2)))/abs (min (disp3 condition2));
end
elseif i==3
for 3=1:9001
stressl(i,j)=loadl condition3(j)/0.75;
strainl (i, j)=abs(displ condition3(j)+abs (min(displ condition
3)))/abs (min(displ condition3));
stress2(i,j)=load2 condition3(j)/1.2;
strain2 (i, j)=abs(disp2 condition3(j)+abs (min (disp2 condition
3)))/abs (min(disp2 condition3));
stress3(i,j)=load3 condition3(j)/1.8;
strain3 (i, j)=abs(disp3 condition3(j)+abs (min (disp3 condition
3)))/abs (min(disp3 condition3));
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end
elseif i==4
for j=1:9001
stressl(i,j)=loadl condition4(j)/0.75;
strainl (i, j)=abs(displ conditiond (j)+abs (min (displ condition
4)))/abs (min(displ condition4));
stress2(i,j)=load2 conditiond (j)/1.2;
strain2 (i, j)=abs (disp2 condition4 (j)+abs (min (disp2 condition
4)))/abs (min(disp2 conditiond));
stress3(i,j)=load3 condition4 (j)/1.8;
strain3 (i, j)=abs(disp3 condition4 (j)+abs (min (disp3 condition
4)))/abs (min (disp3 conditiond));
end
elseif i==
for j=1:9001
stressl(i,j)=loadl condition5(j)/0.75;
strainl (i, j)=abs (displ condition5(j)+abs (min(displ condition
5)))/abs (min(displ condition5));
stress2(i,j)=load2 condition5(j)/1.2;
strain2 (i, j)=abs(disp2 condition5 (j)+abs (min (disp2 condition
5)))/abs (min(disp2 condition5));
stress3(i,j)=load3 condition5(j)/1.8;
strain3 (i, j)=abs(disp3 condition5 (j)+abs (min (disp3 condition
5)))/abs (min(disp3 condition5));
end
elseif i==
for 3=1:9001
stressl(i,j)=loadl conditioné6(j)/0.75;
strainl (i, j)=abs(displ condition6 (j)+abs (min(displ condition
6)))/abs (min(displ conditioné6));
stress2(i,j)=load2 condition6(j)/1.2;
strain2 (i, j)=abs(disp2 condition6 (j)+abs (min (disp2 condition
6)))/abs (min (disp2 conditioné6)) ;
stress3(i,j)=load3 condition6(j)/1.8;
strain3 (i, j)=abs(disp3 condition6 (j)+abs (min (disp3 condition
6)))/abs (min (disp3 conditioné)) ;
end
elseif i==
for §=1:9001
stressl (i, j)=loadl condition7(3j)/0.75;
strainl (i, j)=abs(displ condition7(j)+abs (min (displ condition
7)) ) /abs (min(displ condition7));
stress2(i,j)=load2 condition7(j)/1.2;
strain2 (i, j)=abs(disp2 condition7(j)+abs (min (disp2 condition
7)) ) /abs (min (disp2 condition7));
stress3(i,j)=load3 condition7(j)/1.8;
strain3 (i, j)=abs (disp3 condition7(j)+abs (min (disp3 condition
7))) /abs (min (disp3 condition7));
end
elseif i==
for §=1:9001
stressl (i, j)=loadl condition8(j)/0.75;
strainl (i, j)=abs(displ condition8 (j)+abs (min (displ condition
8)))/abs (min(displ condition8));
stress2(i,j)=load2 condition8(j)/1.2;
strain2 (i, j)=abs(disp2 condition8 (j)+abs (min (disp2 condition
8)))/abs (min (disp2 condition8));
stress3(i,j)=load3 condition8(j)/1.8;
strain3 (i, j)=abs (disp3 condition8 (j)+abs (min (disp3 condition
8)))/abs (min(disp3 condition8));
end
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elseif i==9
for j=1:9001
stressl (i, j)=loadl condition9(j)/0.75;
strainl (i, j)=abs(displ condition9(j)+abs (min(displ condition
9)))/abs (min (displ condition9));
stress2(i,j)=load2 condition9(j)/1.2;
strain2 (i, j)=abs (disp2 condition9(j)+abs (min (disp2 condition
9))) /abs (min(disp2 condition9));
stress3(i,j)=load3 condition9(j)/1.8;
strain3 (i, j)=abs (disp3 condition9(j)+abs (min (disp3 condition
9)))/abs (min (disp3 condition9));
end
elseif i==10
for j=1:9001
stressl(i,j)=loadl conditionlO(j)/0.75;
strainl (i, j)=abs(displ conditionlO (j)+abs (min(displ conditio
nl0)))/abs (min(displ conditionlO0));
stress2(i,j)=load2 conditionlO(j)/1.2;
strain2 (i, j)=abs (disp2 conditionlO (j)+abs (min(disp2 conditio
nl0)))/abs (min(disp2 conditionlO0));
stress3(i,j)=load3 conditionlO(j)/1.8;
strain3 (i, j)=abs (disp3 conditionlO (j)+abs (min(disp3 conditio
nl0)))/abs (min (disp3 conditionlO0));
end
else
for j=1:9001
stressl(i,j)=loadl conditionll(j)/0.75;
strainl (i, j)=abs(displ conditionll (j)+abs (min(displ conditio
nll)))/abs (min(displ conditionll));
stress2 (i, j)=load2 conditionll(j)/1.2;
strain2 (i, j)=abs(disp2 conditionll (j)+abs (min(disp2 conditio
nll)))/abs (min(disp2 conditionll));
stress3(i,j)=load3 conditionll(j)/1.8;
strain3 (i, j)=abs(disp3 conditionll (j)+abs (min(disp3 conditio
nll)))/abs (min(disp3 conditionll));
end
end
end

stressl=stressl’';
strainl=strainl';
stress2=stress2';
strain2=strain2';
stress3=stress3’';
strain3=strain3';

$now 1 need to implement a function for the calculation of Emodulus in DMA.
%it will have as inputs the stress & strain matrixes and as an output the

$figure stress-strain for DMA measurement 150um

figure ('Name', 'Stress vs Strain for 150um wall thickness for DMA
application')

plot (strainl, stressl);

title('Stress vs strain DMA for 150um', 'FontSize',20);

xlabel ('strain (%) "');

ylabel ('stress in MPa');

legend('1lHz','l1.6 Hz','2.5 Hz','4 Hz','6.3 Hz','10 Hz','l6 Hz','25 Hz','40
Hz','63 Hz','100 Hz');

axis ([0 0.10 0.10 0.401);

hold on;

grid on;
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$figure stress-strain for DMA measurement 200um

figure('Name', 'Stress vs Strain for 200um wall thickness for DMA
application')

plot (strain2,stress?2);

title('Stress vs strain DMA for 200um', 'FontSize',20);

xlabel ('strain (%) ");

ylabel ('stress in MPa');

legend('1Hz','1.6 Hz','2.5 Hz','4 Hz','6.3 Hz','10 Hz','l6 Hz','25 Hz', '40

Hz','63 Hz','100 Hz'");
axis ([0 0.10 0 0.251);
hold on;
grid on;

$figure stress-strain for DMA measurement 300um

figure ('Name', 'Stress vs Strain for 300um wall thickness for DMA
application')

plot (strain3, stress3);

title('Stress vs strain DMA for 300um', 'FontSize',620);

xlabel ('strain (%) ") ;

ylabel ('stress in MPa');

legend('1lHz','l1.6 Hz','2.5 Hz','4 Hz','6.3 Hz','10 Hz','l6 Hz','25 Hz','40

Hz','63 Hz','100 Hz"'");
axis ([0 0.10 0.05 0.201);
hold on;

grid on;
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