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Abstract

Porous shape memory polymers (SMPs) are the smart materials which attract significant
interests in the fields such as aerospace, civil engineering, electrical engineering, and biomedical
device. Porous SMPs have low recover stress, excellent recover strain, low density, and
biocompatibility, making it a great potential candidate in the treatment of Intracranial Aneurysms
(ICAS). In this thesis, pristine SMP foams, CNT/SMP nanocomposite foams, and 3D printed
CNT/SMP nanocomposite scaffolds are synthesized and characterized. The pristine SMP foams
have a porosity of 85.7% and a shear fracture around 90% of the strain, which have significantly
higher elastic deformation at the temperature above glass transition temperature. Compared with
the pristine SMP foams, CNT/SMP nanocomposite foams have good conductivity, which enables
it to use joule-heating method to trigger the compressed foams to recover to the original shape in
much less time. Using 3D printing technique to fabricate the CNT/SMP nanocomposite scaffolds
has greatly reduced the manufacturing time from 120 hours to 30 minutes and can personalize the
geometry of printed complex structures. Designing tunable configuration of electroactive
CNT/SMP nanocomposites enables this study advantageous for the potential medical device

design for treating the ICAs.
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Chapter 1 Introduction

1.1 Porous shape memory polymers

Shape memory polymers (SMPs) are the smart materials that have the ability to
recover from a temporarily deformed shape to the original shape by responding to the
external stimuli, such as heat, light and electrical field [1-3]. Recently, SMPs have attracted
significant interests in many engineering fields, such as biomedical device, aerospace, civil
engineering, electrical engineering and textile industry due to the excellent properties
including lightweight, high capacity of elastic deformation, tunable glass transition
temperature and lower cost [4-9]. Compared to the solid SMPs, the shape memory behavior
of porous SMPs are strengthened due to the increased compressibility and reduced density,
which are desired material to have broad applications in aerospace industry and biomedical

field [10,11].

The form of porous SMPs can be varied by responding to the heat temperature
switching between above and below the glass transition temperature (Tg). The state of
SMPs is rubbery and soft when the temperature of external heat stimulus is high than Ty,
and the state is rigid and stiff when the temperature is lower than Tgq. The mechanical
properties of SMPs including strength and modulus change greatly for the SMPs in two

states.

The typical thermo-mechanical behavior of SMPs is demonstrated in Figure 1-1.
After curing, the shape of SMPs is permanently memorized which is called original shape.

When the temperature of external stimulus is higher than T, the shape can be freely packed.



Then the temporarily deformed SMPs is cooled by decreasing the temperature below the
Tg, so the shape is temporarily memorized. If the SMPs need to recover to the original
shape, shape will start changing by increasing the temperature over Tg4. By cooling down

the SMPs, the SMPs will be clocked back to original shape and mechanical properties again.

@Q@%‘é&%
O ke
&
x@&

Ambient Temporary fixed shape

g]] 1 Sh S
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&Q’
%\\&
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Figure 1-1 Shape recovery effect of SMPs.
1.2 Fabrication of porous SMPs
Porous SMPs have been fabricated by various techniques including gas foaming,
sacrificial template and 3D printing[12-14]. These techniques can significantly influence

the size and uniformity of pores which determine the structure and behavior of SMPs.

1.2.1 Gas foaming

Chemical and physical blowing agents can be used to generate bubbles inside the

SMPs for developing the pores [15-19]. Gas will be generated when the chemical blowing



agent react with the SMPs, and bubbles will be formed due to the phase transition of SMPs

caused by the physical blowing agent.

Water can be used as the chemical blowing agent that react with isocyanate
monomers for synthesizing the porous SMPs. Carbon dioxide gas will be generated during
the foam blowing which will create pore structure and interconnectivity inside the SMPs.
The type and concentration of foaming agent determine the size and quality of pores. Pooja
et al. [20] varied the molar ratio of water, HDI, HPED and TEA to create polyurethane
based SMP foams of highly crosslinked and ultra-low density. The Tq can be customized

between 45 °C and 70 °C and the expansion of high volume can be as many as 70 times.

For the physical blowing, changes of pressure and temperature can cause a
separation of gas phase from the solution in supersaturation. When the temperature and
pressure are above the critical point, supercritical fluids can be filled with carbon dioxide
which is an inert gas. Physical blowing agent like the supercritical carbon dioxide is
saturated inside the polymer when it is at high temperature but below the polymer melting
temperature and high pressure. The polymer is in rubbery and soft state as the T, decreases.
Then decreasing the pressure of system will make a new equilibrium of thermodynamic.
Cell growth and instantaneous nucleation will occur due to the oversaturated carbon
dioxide inside the rubbery polymer. Porous structure will be achieved due to the

evaporation of carbon dioxide out of the system, and the polymer is glassy.



1.2.2 Sacrificial template

Solid particles including sugar and salt are formed as sacrificial template which can
be leached out of polymer matrix[16,21-26]. The skeleton structure with interconnected
bonding inside can be obtained by sacrificial template which works as porogenic agent.
Polymer solution is poured onto the template and penetrates the skeleton slowly. Template
is removed by immersing the template/polymer composites in solvent such as water,
leading to the dissolving of solid particles and leaving the porous polymer structures. The
porosity, geometry and morphologies of pores can be tailored by varying the diameter and

shape of solid particles.

Wang et al.[22] used the sugar to prepare the sacrificial template by compressing
certain amount of sugar in a silicon rubber mold with a slight amount water which could
enhance the interfacial bonding inside the template. Prepared polymer solution infiltrated
through the template and template was removed by later water dissolving. The average

pore size and density of SMP foam were 480um and 0.168g/cm?®.

Chai et al. [27] prepared the sacrificial templates by two size of salt particles
including 150-300 um and 300-500 um. The salt templates were poured by the polymer
solution which were curing in later oven processing. Water was replaced every 6h to
remove the salt particles when the template/polymer composites were immersed in water
solvent. They found that the pore size of foams could be controlled by the size of salt
particles, meaning that small salt particles resulted in foam of small pore, and large salt

particles leaded to the large pores and thick cell walls.



1.2.3 3D printing

There are drawbacks for the previous fabrication techniques of porous SMPs that
the design of porous SMP structures is difficult to be customized and whole process takes
very long time as the majority of time is spent on the dissolving of solid particles. Also the
facilities and equipment to achieve the environment of high temperature and pressure is

high cost and dangerous.

The emergence of 3D printing becomes a perfect technique due to its flexibility in
designing complex structures, customization of shape and additive manufacturing
approach eliminating use of raw materials[28-39]. Common 3D printing techniques
including inkjet and digital light processing are used to print porous SMP structures

because they are low cost and relatively fast [40,41].

Mu et al. [31] prepared the ink by mixing the sacrificial salt particulates and
photocurable resin together, then printed the objects by a customized DLP printer. Porous
polymeric structures were obtained after the salt particulates were removed. They also used
this method to print the polymeric cube with shape memory effect. They found that the size
of salt particulates determined the pore size and this method was simple to create

complicated porous structures.

1.3 Application of porous SMPs
Due to the unique properties including high compression capacity and shape
memory behaviors, porous SMPs have broad applications in two main fields such as

aerospace and biomedical device[11,19,42].



1.3.1 Aerospace

Expandable and deployable structures which have low density and high
compressive capability are demanded in aerospace for the fuel efficiency and specific
performance. Porous SMPs play an important role in this field due to its reliability,
simplicity, low cost, extremely high full/stowed volume ratio and great resistance to impact
and radiation [5,11,43-45]. The solar heating will benefit the deployment of porous SMP
structures of thermally activation in space. The self-healing properties of SMPs can make
SMP composite structure suffer more the potential impact damage and automatically repair
the structures by responding to the external stimulus. Ability of energy absorption of

porous SMPs makes it protect the structures from serious object striking

Fabrizio et al.[46] produced the actuator based on the SMP foams for the potential
application in International Space Station. The density and foaming ratio of SMP foams
were 0.36 g/cm?® and 4, respectively. The actuation loads relating to the temperature were
measured by multiple recovery tests. After the optimization of fabrications, certain type of

actuator was tested in International Space Station with encouraging results.

1.3.2 Biomedical device

Numerous biomedical applications of porous SMPs have been reported mainly in
two fields including vessel embolization and tissue reconstruction [6,19,47-51]. Excellent
shape recovery, high surface to volume ratio and tortuous flow of porous SMP devices lead
to the application of embolic vascular devices. The scaffolds offered by SMP matrix can

be helpful for the tissue growth and give the locations for the cells to regenerate the tissues



Singhal et al. [19] synthesized the biodegradable foams of SMP for embolic
application in biomedical engineering. By tuning the ratio of reaction monomers, the ultra-
low densities of SMP foams were obtained ranging from 0.02 to 0.093 g/cm?®.The cell

morphology of SMP foams were uniform which had excellent shape recovery.

Mao et al. [6] produced the biodegradable nanofibrous structures by combining the
SMPs and biomimicking nanofibers using electrospinning. They varied the ratio of
monomers to achieve the fibers with different T4 and fineness. The novel structure could
be used for surgical implantation with minimal invasion and improving the efficiency of

repairing and regenerating tissues.

1.4 Treatments of intracranial aneurysms

Intracranial Aneurysms (ICAs) are the localized dilations of arteries in brain
vasculature with a prevalence of roughly 5% in population [52]. The incidental rupture of
aneurysm will lead to the subarachnoid hemorrhage that causes the death of people.
Currently, there are several treatments for ICAs including surgical clipping and
endovascular coiling [53-57]. Porous SMP structures are investigated as the potential

treatment for this disease [21,58-64].

1.4.1 Surgical clipping

Surgical clipping was first performed by Walter Dandy in 1937 [65]. A silver clip
that blocked the blood flow to the bulge part was affixed across the aneurysm neck as

shown in Figure 1-2. Before the surgical clipping, a craniotomy has to be done so that the



aneurysm can be exposed. As the craniotomy has high risk, this method may not be friendly

to the old people and the operation cost is expensive.

Figure 1-2 Schematic of surgical clipping treatment for aneurysms.

1.4.2 Endovascular coiling

In 1990s, Guglielmi et al. developed the detachable coils system for treating the
intracranial aneurysms by combining the techniques of electrothrombosis and

endovascular which was named as Guglielmi Detachable Coils (GDC) [66-72].

Figure 1-3 Schematic of Guglielmi Detachable Coils treatment for aneurysms.

In the coil embolization procedures as shown in Figure 1-3, coils in the

microcatheter were delivered to the location of aneurysm. Small current was used to make



the coil detach from the wire by electrolytic mechanism, then the coil occupied the space
of aneurysm with a desired configuration. There are some shortcomings for this approach
including the long-time of coil deployment, incomplete occlusion, and no treating ability

for large size aneurysm.

1.4.3Porous SMPs

Porous SMPs become a great candidate for the potential treatment of ICAs due to
its unique properties mentioned above [47,73,74]. The porous SMPs can be compressed
into a small size and put inside the microcatheter. The embolic device can be delivered to
the aneurysm location, then porous SMPs can be triggered by thermal stimulus to detach
from the microcatheter and recover to the original shape so that the space of aneurysm can

be fully occupied, as shown in Figure 1-4).

(a) aneurysm _ Compressed SMP (b) Expanded
N foam

— SMP foam

Figure 1-4 Embolization of highly porous SMPs.
Compared to the metal coils, the cost of porous SMPs is much lower and the space
occupation is much higher. The glass transition temperature of porous SMPs can be tuned

close to human body which is biodegradable and biocompatible.



1.5 CNT/SMP nanocomposites

Although porous SMP is a great potential candidate for ICA treatment, there are
some limitations for it including low electrical conductivity, poor mechanical properties,
and fatigue susceptibility [75-79]. CNTs are a significant reinforcement for polymer matrix
to solve the above problems. The tensile strength and elastic modulus are extremely high
and excellent conductivity of CNTs can help SMP triggered by current, making CNT/SMP

nanocomposites expand uniformly under the external stimulus [80,81].

Ni et al.[82] investigated the effect of the CNTs under different weight fraction in
CNT/SMP nanocomposites. The increasing incorporation of CNTs increased the modulus
and vyield stress depending strongly on temperature. The shape recoverability was
outstanding after multiple cycles of loading. The recovery stress was also improved due to

the existence of CNTs compared with pure SMP bulk.

1.6 Thesis objective and outline

The main goal of this thesis is to use the sacrificial template approach and 3D
printing technique to fabricate different porous SMP structures including pristine SMP
foams, CNT/SMP nanocomposite foams and CNT/SMP nanocomposite scaffolds for the

potential treatment of ICAs.

Chapter 1 gives the literature review of fabrication and application of SMPs, the
treatments of ICAs and introducing of CNTs in SMP nanocomposites. Chapter 2 discusses
the pristine SMP foams fabricated by sacrificial sugar templates. The synthesis process will

be detailed and various characterizations including morphologies, mechanical properties,

10



electrical resistance and shape recovery behavior will be presented. Based on the work of
Chapter 2, Chapter 3 introduces the CNT to form the CNT/SMP nanocomposite foams,
repeating the same characterization of previous chapter. The protype demonstration of how
the CNT/SMP nanocomposite foams occupy the space of the simulated ICAs will be shown.
Chapter 4 uses the 3D printing technique to synthesize the CNT/SMP nanocomposite
scaffolds. The printing parameters will be optimized, and the scaffolds will be
characterized. Chapter 5 summarizes the major work of this thesis and gives the

suggestions for future work.
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Chapter 2 Synthesis and Characterization of Pristine SMPs

2.1 Introduction

In this chapter, sacrificial sugar template was used to synthesize the pristine porous SMPs.
The density, pore size and porosity were characterized by SEM images and physical
measurements. Shape recovery behavior of SMP foams were illustrated by direct heat on a hotplate
and electrical resistance heating via carbon fiber applied with current. The mechanical

performance of SMP foams was tested via failure and cyclic tests under the compression.

2.2 Materials

The SMP foams were synthesized by the following three monomers with the molar ratio
0f 0.05:0.6:1 which were purchased from Sigma Aldrich: N, N, N’, N’-Tetrakis (2-Hydroxypropyl)
ethylenediamine (HPED, > 98.0%), Triethanolamine (TEA, > 99.0%), and Hexamethylene
diisocyanate (HDI, > 99.0%). Pure cane sugar particles (Florida Crystals Inc.) purchased from
local store were used as template to synthesize porous SMP foams. All materials were used as

received.

2.3 Synthesis of solid and porous SMPs

The high-speed shear mixer was used to mix the HDI, HPED and TEA for 5 to 6 min after
the weight of each was measured. Then the mixed polymer solution was poured into the dog-bone
mold following the standard of ASTM D638 Type V with a dimension of 45 mm by 8 mm by 1
mm. Bubbles were removed by degassing for three times in a vacuum oven under the protection
of nitrogen environment. The curing procedures were followings: materials were kept at room
temperature for 1h, then heated up to 130 °C with a ramp of 9.6 °C per hour, lastly held at 130 °C

for 1h. After natural cooling to room temperature, fully cured solid SMPs were token out from the

12



molds. All the SMP samples were sealed in vacuum bags and stored in a vacuum tank so that no

moisture would contaminate the SMPs for later characterizations.

SMP foams were synthesized using a sacrificial sugar template, as shown in Figure 2-1.
Sugar particles were sprayed with a slight amount of water to improve interfacial bonding and
make the sugar particles to form the cubic configurations in molds. Then the sugar particles in the
silicon rubber mold were compressed at 30kN load for 10 minutes. The size of sugar particles was
about 500pum which was measured by SEM. After compression, the mold was put into oven for 1h

at 130 °C to remove the moisture and form interconnected sugar templates.

(a) (b) (c)

AN \ \

Sugar  Void SMP Pore

Figure 2-1 Schematic of sacrificial sugar template method for fabrication of porous SMP foam: (a) Sugar template;
(b) Sugar template after SMP infiltration; (c) SMP foam after dissolving sugar particles.

SMP solution prepared by the three monomers with the process mentioned above was
poured onto the sugar templates in a dish. Then the dish was put in a vacuum container which later
was put inside a freezer at -5 °C for 24h. The low temperature slowed down the reaction rate of
SMP solution and extended the infiltrating time of SMP solution into the sugar templates. The
vacuum helped accelerate the infiltrating compared with no vacuum procedure. After infiltrating,
the sugar particles/SMP composites were cured with the process mentioned above for solid SMPs.
Then the fully cured sugar particles/SMP composites were put in a beaker full of Di water. The

beaker was kept in a bath sonication for 12h to dissolve all the sugar and the water was replaced
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every 3h. After the sugar was dissolved, porous SMPs were left and then put in a vacuum oven at

40 °C for 24h to remove all the moisture.

2.4 Characterizations

Shape recovery behavior of SMP foams was investigated by the direct heating method
which used a hotplate to heat the foam at 70 °C for 2 min to memorize the shape after a quick
cooling. Then the recovered shape of SMP foam was obtained when the foam was put on the

hotplate again at 70 °C.

SEM was used to characterize the microstructure, pore size and porosity of SMP foams.
The surface conductivity of SMP foams was improved by sputter coating which prevented the
charging in the SEM imaging process. The top surface and cross-section in the middle of SMP
foams were chosen for SEM images. Lower magnification at about 50 to 100 which could observe
enough pores in SEM images was set. Based on the SEM images, the average pore size of SMP

foams was analyzed by Image J software.

The porosity of the SMP foams was calculated using Eq.(1) shown below.

. p S

@)

Psolid sMp

Where pporous smp Was the density of porous SMP foams, obtained by the mass of porous

SMPs divided by the volume of porous SMPs. The pg,iia sup Was the density of solid SMPs,
calculated by dividing mass of solid SMPs to volume of solid SMPs. The masses of both solid and
porous SMP samples were measured using a digital scale and the volume was calculated by the
dimensions of the cubes. In order to improve the accuracy and repeatability, ten samples were

measured and averaged.
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The mechanical properties of SMP foams were tested by the Instron 5969 universal testing
system with a thermal chamber, as indicated in Figure 2-2 (b). SMP foam cubes with a dimension
of 20mm by 10mm by 10mm were compressed to the strain failure at room temperature. Then the
40% of failure strain (~90%) was set to conduct the cyclic compression test for 10 cycles. The
cyclic testing was done at room temperature, Tq (39 °C) and Tg+10 (49 °C). The rate of all
compression testing was 2mm/min. Before the compression testing, all SMP foam cubes were

preheated in the thermal chamber for 30 min to reduce the heat effect.

(a) (b)

anh®
»

.
.
.....
------

Instron Thermal Chamber with
Mechanical Testing Frame

Figure 2-2 (a) Hlustration of electrically-heated activation of shape recovery of SMP foams using carbon fibers. (2)
Setup of mechanical test of SMP foams in thermal chamber.

Carbon fibers were used to simulate the deployment and expansion of SMP foams due to
the electrical heating property. A bundle of carbon fibers was inserted through the middle of SMP
foams with the dimension of 10mm by 10mm by 15mm using a needle, as shown in Figure 2-2
(). The SMP foam was heated to 50 °C, then manually compressed into small volume, and quickly
cooled at room temperature to memorize the temporary shape. The buddle of carbon fibers was
applied with 0.5 1.0, 1.5 and 2.0 amperes to generate the heat which triggered the SMP foam to
return to the original shape. An infrared (IR) camera was used to measure the surface temperature

every 10s to demonstrate the temperature field of heated SMP foams.
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2.5 Shape recovery of SMP foams

As demonstrated in Figure 2-3, the temporarily memorized shape of SMP foam was shown
in the image at Os which was compress into less than the half volume of original shape. When the
SMP foam was put on the heat hotplate, the shape of SMP foam gradually expanded. It took about

50s for the SMP foam to recover to the original shape.

T=20s T=30s

Figure 2-3 Illustration of expansion and shape recovery of SMP foam responding to the heat generate by a hotplate.
2.6 Microstructure analysis

Pore size of SMP foams was studied by SEM images as shown in Figure 2-4. The average
size of pores is around 480um based on the measurement on SEM images. There were no sugar
particles left in the SEM images which proved that the dissolving of sugar particles was completed

and effective.

Figure 2-4 SEM images of top later and middle layer of SMP foam.
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The average densities of solid and porous SMPs were 1.172 g/cm?® and 0.168 g/cm?,
respectively. Based on the equation in characterization part, the porosity of SMP foams was
calculated which was 85.7%. This high porosity will make the SMP foam have high compressive
capability when the temperature was above the Tg, which make it suitable for the different size of

ICAs as embolic devices.

2.7 Compression testing

SMP foams were compressed to the failure fracture when the strain was near 90% that was
considered as failure strain at room temperature. For conducting the cyclic tests, a 35%
compressive strain which was about 40% of failure strain was used. Figure 2-5 (a) showed the one
cycle of loading and unloading process of SMP foam in cyclic compressive test which leaded to
the plastic deformation. The elastic modulus of SMP foam at room temperature was 2.7 + 0.12
MPa. When the temperature increased to the T4 or high, The SMP foam was softened greatly with
the modulus of 0.23 £ 0.017MPa and 0.18 + 0.012 MPa when the temperature was at 39 °C and
49 °C. When the SMP foam was deployed to the location of ICAs, the softened SMP foam could

reduce the rupture risk of vessel.

Besides, the strain recovery was evaluated by the cyclic compressive test at Tq and T + 10
°C as shown Figure 2-5 (b) and (c). There was an initial hysteresis when the foam was loaded and
unloaded which may owe to the relaxation of polymers, residual stress and re-arrangement of
polymer chains. The hysteresis was significant after the first cycle of loading and unloading. The
maximum stress was reduced for each cycle as the SMP foam was continuously softened by the
compressive force. The tailored mechanical properties and behaviors can be used to design the

device of SMP foams for potential treatment of ICAs.
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Figure 2-5 Compression tests: (a) loading/unloading of one cylce in cyclic testing at room temperature, (b) cyclic
testing of SMP foam at Ty and T¢+10 °C, (c) Maxmimum stress of each cylcle in cyclic testing at Ty and Ty+10 °C.

2.8 Electrical resistance heating
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Figure 2-6 Surface temperature of the SMP foams depent on time when current was applied.
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As carbon fibers works as a media to generate heat to trigger the shape recovery of SMP
foams, the relation between applied current and equilibrium temperature of SMP foam is very
important, which was shown in Figure 2-6. When the carbon fibers were applied with current of
0.05 A and 0.1 A, the temperatures of SMP foams did not reach over the Tg, which were only 25.7
°C and 31.3 °C. Even low current is safe for human, it will not generate enough heat to recover
the shape of SMP foam, so high currents were applied. The temperatures of SMP foams were
equilibrated at 43.2 °C and 47.8 °C when the applied currents were 0.15A and 0.2A. When human
vessel was shortly exposed to temperature over 45 °C in less than 5 min, it will be permanently

damaged [83,84], so 0.15A current is the optimal result for the potential bio-application.

2.9 Shape recovery behavior

50s 100 s

120 s

Figure 2-7 Illustration of shape recovery of SMP foam when 0.15A current was applied on carbon fibers and of
tempearture field of SMP foam at 140s using an IR camera.

The process of shape recovery and expansion of SMP foam was indicated in Figure 2-7,
when the SMP foam was triggered by the heat generated by carbon fiber which was applied with
current of 0.15A. After 140s, the original shape of SMP foam was achieved and temperature of

foam was 39.0 °C with the result of an IR camera. The successful shape recovery of SMP foam
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under 1.5 A current resulting in the temperature at 39 °C which was safe to human made the SMP

deployment possible for potential ICA treatment.
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Chapter 3 Development of CNT Reinforced SMP Nanocomposite

Foams

3.1 Introduction

CNT/SMP nanocomposite foams were synthesized via a sacrificial template technique, and
the density was controlled by selecting the various sizes of sugar particles and adding different
concentrations of CNTs. The densities of CNT/SMP nanocomposite foams were studied, and
porosities of foams were calculated. The mechanical properties of CNT/SMP nanocomposite
foams were characterized at room temperature, Tg, Tg+5 °C, and Tg+10 °C by uniaxial compressive
loading. The electrical resistivity of CNT/SMP nanocomposite foams at room temperature was
investigated. Joule-heating was applied for evaluating the shape recovery behavior of CNT/SMP
nanocomposite foams. Finally, a potential design for treating ICAs using CNT/SMP

nanocomposite foams was demonstrated.

3.2 Materials

All chemicals were used as received. Three monomers: (i) Hexamethylene diisocyanate
(HDI, > 99.0%, Sigma-Aldrich), (ii) N, N, N’, N’-tetrakis (hydroxypropyl) ethylenediamine
(HPED, > 98.0%, Sigma-Aldrich), (iii) Triethanolamine (TEA, > 99.0%, Sigma-Aldrich) were
utilized to synthesize the SMP solution for later composite fabrication. The molar ratio of HDI,
HPED, and TEA was 1:0.05:0.6 [85]. Multi-walled CNTs (>95% carbon basis) with a density of
2.1 g/cm® and a diameter of 50-90 nm were purchased from Sigma-Aldrich to improve the
electrical conductivity of SMP nanocomposites. Ethanol (95%), a non-toxic organic solvent, was

selected to disperse CNTSs.
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3.3 Synthesis of CNT/SMP nanocomposite foams

The porous CNT/SMP nanocomposites were synthesized via a sacrificial template, and the
synthesis procedure was shown in Figure 3-1. Pre-calculated weight of CNTs were added into 60
ml ethanol and dispersed by probe sonication at 28% amplitude in pulse mode with 5 seconds on
and 2 seconds off for 10 minutes. Then sugar particles were mixed with the dispersed solution by

glass rod about 10 minutes after dispersion.

swy_ﬁ ) —I = | &

Figure 3-1 Synthesis procedures of CNT/SMP nanocomposite foams.

The beaker contained with the mixed sugar/CNT solution was put into bath sonicator for
24 hours to fully coat the sugar particles with CNTs. After sonication, the beaker was transferred
to the hotplate with heating and stirring to remove the solvent for 12h. The temperature was 120
°C and stirring speed was 200rmp. The sugar particles coated with CNTs were sprayed with a
slight amount of water to improve interfacial bonding and make the sugar particles to form the

cubic configurations in molds. Then the sugar particles in the silicon rubber mold were compressed
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at 30kN load for 10 minutes. After compression, the mold was put into oven for 1h at 130 °C to

remove the moisture and form interconnected sugar template.

SMP solution prepared by the three monomers was poured onto the sugar templates in a
dish. Then the dish was put in a vacuum container which later was put inside a freezer at -5 °C for
24h. The low temperature slowed down the reaction rate of SMP solution and extended the
infiltrating time of SMP solution into the sugar templates. The vacuum helped accelerate the
infiltrating compared with no vacuum procedure. After infiltrating, the sugar particles/CNT/SMP
composites were cured in oven with temperature from room temperature to 130 °C at a ramp of 10
°C per hour. Then the fully cured sugar particlessCNT/SMP composites were put in a beaker full
of DI water. The beaker was kept in a bath sonication for 24h to dissolve all the sugar and the
water was replaced every 3h. After the sugar was dissolved, porous CNT/SMP nanocomposites
were left, then put in a vacuum oven at 40 °C for 36h to eliminate all the water in the foams. All

the foams were stored in a vacuum container for later tests.

Templates were fabricated with sugar particles of small, medium, and large size with CNT
concentration of 1.25%. CNTs with concentrations of 0.5%, 0.75%, 1.00% and 1.25% in ethanal

combined with sugar particles of small size were prepared for the templates.

3.4 Characterizations

The porosity of the SMP foams was calculated using Eq.(2) shown below.

; p

)

Psolid smp

Where pp,orous smp Was the density of porous CNT/SMP foams, obtained by the mass of
porous CNT/SMP nanocomposites divided by the volume of porous CNT/SMP nanocomposites.
The pgoia smp Was the density of solid SMPs, calculated by dividing mass of solid SMPs to
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volume of solid SMPs. The masses of both solid and porous SMP samples were measured using a
digital scale and the volume was calculated by the dimensions of the cubes. In order to improve

the accuracy and repeatability, ten samples were measured and averaged.

The mechanical properties of CNT/SMP nanocomposite foams were tested by the Instron
5969 universal testing system with a thermal chamber, as indicated in Figure 2-2 (b). Foam cubes
of CNT/SMP nanocomposites with a dimension of 8mm by 8mm by 12mm were compressed to
the strain failure at room temperature. Then the 50% of failure strain (~70%) was set to conduct
the cyclic compression test for 10 cycles. The cyclic testing was done at room temperature, Tg (39
°C) and Tg+10 (49 °C). The rate of all compression testing was 2mm/min. Before the compression
testing, all CNT/SMP foam cubes were preheated in the thermal chamber for 30 min to reduce the

heat effect.

For measuring the electrical resistivity, CNT/SMP nanocomposite foams were dried before
usage. A slight amount a silver Epoxy glue was put on the top and bottom surface of sample, then
copper tape was attached on the surface with glue. The samples were put in room temperature for
24 hours for drying the glue. The resistivity of SMP/CNT composite foam with different CNT

weight concentration was measured using electric multimeter at room temperature.

Carbon fibers were used to simulate the deployment and expansion of CNT/SMP
nanocomposite foams due to the electrical heating property. A bundle of carbon fibers was inserted
through the middle of CNT/SMP foams using a needle. The CNT/SMP foam was heated to 50 °C,
then manually compressed into small volume, and quickly cooled at room temperature to
memorize the temporary shape. The buddle of carbon fibers was applied with 0.5 1.0, 1.5 and 2.0

amperes to generate the heat which triggered the CNT/SMP foam to return to the original shape.
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An infrared (IR) camera was used to measure the surface temperature every 5s to demonstrate the

temperature field of heated CNT/SMP foams.

3.5 Density of CNT/SMP nanocomposite foams

The densities of CNT/SMP nanocomposite foams synthesized by various concentrations
of CNTs and different size of sugar particles were shown in Figure 3-2. The density of samples
increased with the increasing amount of CNTSs, ranging from 0.3663 to 0.4465 g/cm?®. The density
got larger since more CNTs were coated on the sugar particles in the sonication step leading to

more CNTSs in polymer matrix.

For different sugar size-based foams with CNT concentration of 1.25 wt. %, the densities
of each size were 0.4665 g/cm?®, 0.3520 g/cm?®, and 0.3380 g/cm?, respectively. As the volume of
all template cube was the same, sugar particles of large size resulted in more dissolving which

leaded to the lower density.
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Figure 3-2 Densities of CNT/SMP nanocomposite foams: (a) effect of CNTSs, (b) effect of sugar size.
The porosities of CNT/SMP nanocomposite foams were calculated by Eqg. (2). The average
density of neat SMPs is 1.172 g/cm®, so the estimated porosities of the porous CNT/SMP

nanocomposites with CNT concentration of 0.5-1.25 wt.% were 68.7%, 63.1%, 62.0%, and 61.9%,
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respectively. The estimated porosities of CNT/SMP nanocomposite foams fabricated with sugar
particles of small, medium, and large size with 1.25 wt.% CNT concentration were 61.9%, 69.9%,

and 71.2%.

It is expected that large volume expansion will be achieved by the low density and high
porosity of CNT/SMP nanocomposite foams[86,87], but the mechanical properties and
conductivity of CNT/SMP nanocomposite foam should be considered at the same time so that the

design of potential embolic devices for treating ICAs may be realized.

3.6 Failure test

For uniaxial compressive failure test at room temperature, a clear fracture appeared when
the foam samples were compressed to near 70% strain. The result of failure test for CNT/SMP
nanocomposite foams fabricated by sugar templates of small, media and large particles was shown
in Figure 3-3. The maximum stress of foam samples made by small sugar particles was larger than
the medium and large ones, due to the differences of densities caused by the dissolving of sugar

particles.

——Small sugar
2.5 ||~ = -Medium sugar
Large sugar

Stress(MPa)
o
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Figure 3-3 Faliure testing of CNT/SMP nanocomposite foams fabricated by different size of sugar particels with
CNT concentration of 1.25 wt. %.
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3.7 Cyclic test

At room temperature, the elastic modulus of CNT/SMP nanocomposite foams with CNT
concentration of 0.5 wt.% was 58.23 MPa. The CNT/SMP nanocomposite foams became soft
when applied mechanical test at temperature of its Tq or higher. The elastic moduli of the same
CNT concentration foam samples obtained from Instron were 5.37 MPa, 4.66 MPa, and 3.61 MPa
at Tg, Tg+5 °C, and T4+10 °C, respectively. The elastic modulus of the CNT/SMP nanocomposite
foams dropped by about 10 times when the temperature raised to its Tg or higher. The softened
samples would have a low risk of failure for the embolization treatment of aneurysm because of

the mechanical properties mentioned above.

0.1 i i ™ 1 [ ; ; ;
a 7 b
(@) — Glass Transition Temperature 4 (b) —=—(Glass Transition Temperature
0.08 Glass Transition Temperature + 5 7/ % 0-12} - + - Glass Transition Temperature + 5
' Glass Transition Temperature + 10 % Glass Transition Temperature + 10
g 7| ¥
= 0.06 o 01 .
k71 n F o
@\ Bt R S R U
0 0.04 g S
2 E hial
% 0.08
0.02 s
0 L o L J 0.06 ' * o L L "
0 10 20 30 0 2 4 6 8 10
Strain(%) Number of Cycles

Figure 3-4 Mechanical characterizations of CNT/SMP nanocomposite foams under cyclic compressive loading
conditions: (a) mechanical response of the CNT/SMP nanocomposite foams at Ty, T¢g+5°C, and T¢+10°C; (b)
mechanical response of each cycle at Tq, T¢+5°C, and T¢+10°C.

Cyclic compressive testing was applied to investigate the extension of strain recovery for
application of CNT/SMP nanocomposite foams. The cyclic compression testing was applied on
the samples at Ty, Tg+5 °C, and T4+10 °C, as shown in Figure 3-4. The initial hysteresis
phenomenon appeared in the loading and unloading cycle, which could be associated with residual
stress, material relaxation, and re-arrangement of dangling chains in the foam samples [88]. The

hysteresis which appeared in each loading and unloading, reduced the maximum stress at each
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cyclic compressive loading, which was shown in Figure 3-4(a). For 10 cycle compression testing,
and the maximum stress in 10" cycle was about 92% of the value in the first cycle (see Figure 3-4
(b)). From Figure 3-4 (b), it was found that the slope of maximum stress tended to be flat after 6™
cycle at T, so it seemed that the maximum stress did not change much after 6™ cycle, resulting an
optimal recovery behavior with low degradation. The low degradation made CNT/SMP

nanocomposite foams a potential candidate for ICA treatment.
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Figure 3-5 Modulus of CNT/SMP nanocomposite foams: (a) effect of sugar size, (b) effect of CNT concentration.
As shown in Figure 3-5 (a), Young’s modulus of CNT/SMP nanocomposite foams made
of various sugar particle sizes, decreased when the temperature increased from Tq to Tg+10 °C,
since the foams became much more soft when they were applied with higher temperature. The
same results were found for the CNT/SMP nanocomposite foams fabricated with different CNT
concentration, which was shown in Figure 3-5 (b). The improved modulus was due to the
mechanical properties improved by increasing concentration of CNTs which enhanced pore

structure and stiffness [89].
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3.8 Electrical resistivity
The top and bottom surface of CNT/SMP nanocomposite foams with a dimension of 10mm
by 10mm by 8mm) were glued with copper tape by silver epoxy adhesive. The resistance of the

foams was measured by a digital multimeter, and the electrical resistivity was calculated by

P=T 3)
where R is the resistance of the foams, 4 is the cross-sectional area of the foams, and [ was is

length between two copper plates (showed in Figure 3-6).
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Figure 3-6 Electrical resistivity of CNT/SMP nanocomposite foams under various CNT concentrations.
As shown in Figure 3-6, the electrical resistivities of CNT/SMP nanocomposite foams were
2.6 * 106 Q-mm, 1.4 * 10° Q-mm, 1.3 *10° Q-mm, and 1.6*10* Q-mm, when CNT concentration
was 0.5 wt.%, 0.75 wt.%, 1.0 wt.%, and 1.25 wt.% , respectively. When the CNT concentration

less than 1 wt.%, the CNTSs in the foams could not form conductive path due to their separation,

resulting the high resistivity up to 10% Q-mm. However, when CNT concentration was more than
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1 wt.%, the CNTs were more likely to agglomerate with each other, forming a conductive network.
As a result, the resistivity of CNT/SMP nanocomposite foams of 1.25 wt.% CNTSs sharply lowered

down to 10* Q-mm directly, becoming conductive instantly. The sharp decrease of resistivity was

due to the percolation threshold [90,91].

3.9 Electrical resistance heating

The surface temperature of CNT/SMP nanocomposite foams heated by the bundle of
carbon fibers which was applied with different currents were shown in Figure 3-7. The applied DC

current was 0.05A, 0.1A, 0.15A and 0.20A.
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Figure 3-7 Thermal results: (a) 0.5 wt.% CNT/ SMP foam under current ranges from 0.05A to 0.20A, (b) 0.75 wt.%
CNT/SMP foam under current ranges from 0.05A to 0.20A, (c) 1.0 wt.% CNT/SMP foam under current ranges from
0.05A to0 0.20A, (d)1.25 wt.% CNT/SMP foam under current ranges from 0.05A to 0.20A.

For the foams of lower CNT concentrations, the surface temperature could not rise to its

Tgwhen applied current ranging from 0.05 to 0.2A, which was illustrated in Figure 3-7 (a) and (b).
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It was clearly observed that the surface temperature increased quickly once the larger DC
current was applied. As shown in Figure 3-7 (a), in 20 seconds, the surface temperature of
CNT/SMP nanocomposite foam of 0.5 wt. % CNTSs rose about 10°C when applied 0.2 A current,
while the temperature rose 8 °C, 5 °C and 2 °C when the foam was applied with current of 0.15A,

0.10A, and 0.05A, respectively. The same phenomenon can be seen in Figure 3-7 (b) to (d).

Besides, the CNT/SMP nanocomposite foam with higher concentration of CNTs, the
surface temperature increased much faster. As depicted in Figure 3-7 (b), in 20 seconds, the surface
temperature of foam sample of 0.75 wt.% CNTSs rose about 12 °C, 9 °C, 6 °C, and 3 °C, at current

of 0.2 A, 0.15A, 0.1A, and 0.05A, respectively.

The results indicated that higher CNT concentration in nanocomposites should be
employed if the rapid deployment of SMP nanocomposites is required for the surgical applications.
However, appropriate DC current should be applied during the deployment due to the potential

overheating of SMPs.

3.10 Shape recovery behavior

Once the DC current was applied, the temperature of the CNT/SMP nanocomposite foams
increased quickly from ambient temperature up to its Tq, and the shape recovery started, as shown
in Figure 3-8 (a)-(c). The compressed nanocomposite sample was able to fully recover to its
original shape in about 80 seconds, as shown in Figure 3-8 (c). The temperature of the compressed
foam was about 18 °C before applied with current, and the surface temperature reached to 41.3 °C
when the foam recovered to its original shape. The shape recovery time of CNT/SMP
nanocomposite foams was shorter than that of pristine SMP foams, which was 140 seconds in

chapter 2.
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Compressed shape

Recovered shape

Figure 3-8 Shape recovery of a compressed CNT/SMP nanocomposite using Joule-heating method.
3.11 Demonstration of potential bio-application

The long-term goal of this work is to develop a new biomedical device that can be used to
treat ICAs and provide an effective surgical method for optimal patient recovery outcomes.
Therefore, a proof-of-concept demonstration of ICA fulfillment was carried out. As shown in
Figure 3-9, the compressed CNT/SMP nanocomposite foam was transferred into the aneurysm site
via a catheter, and the compressed foam recovered to fill the aneurysm site completely when

applied a slight amount of DC current.

Expanded

Compressed (b) i
0oam

(a) aneurysm
SMP foam

Figure 3-9 Schematic of embolization of intracranial aneurysm using proposed SMP based nanocomposites.
A transparent aneurysm model was manufactured and a piece of compressed CNT/SMP

ball was deployed to fill the aneurysm using Joule-heating method. The concept of potential
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embolization of intracranial aneurysm using CNT/SMP nanocomposite foams was shown in

Figure 3-10.

Figure 3-10 Experimental demonstration of embolization of ICA using highly porous SMP/CNT composite foam.

A DC current of 0.15A was employed during the demonstration. The compressed
CNT/SMP nanocomposite foam was inserted in a 3D printed red tube, simulating the catheter used
to deploy potential biomedical devices for ICA treatment. Once the plastic tube was placed in front
of the aneurysm, the compressed CNT/SMP nanocomposite foam was delivered to the aneurysm
site. The 0.15A DC current was able to quickly heat the nanocomposite foam above its Tg, thus,
the compressed CNT/SMP nanocomposite foam was able to be fully developed in 80 seconds. The
surface temperature of the foam was measured by IR camera during the experiment. The maximum
surface temperature of 39.1 °C was measured. Since the maximum surface temperature of SMP
nanocomposite was below 43 °C, the heat generated by the CNT/SMP nanocomposite foam during
deployment was considered to be biologically safe and should not cause any potential damage to

the tissue within and around the treated aneurysm.
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Chapter 4 3D Printed CNT/SMP Nanocomposites

4.1 Introduction

CNT/SMP nanocomposites were fabricated by 3D printing technique. Different weight
fractions of CNTs were added to prepare for the printing ink. The printing parameters including
weight fractions of CNTs, infill rate and printing speed were optimized. Mechanical, thermal and
electrical properties of 3D printed CNT/SMP nanocomposites were characterized. Shape recovery
behavior of 3D printed nanocomposite beams were investigated by electrical resistance heating

and direct heating.

4.2 Materials

All chemicals were used as received. Three monomers: (i) Hexamethylene diisocyanate
(HDI, > 99.0%, Sigma-Aldrich), (ii) N, N, N’, N’-tetrakis (hydroxypropyl) ethylenediamine
(HPED, > 98.0%, Sigma-Aldrich), (iii) Triethanolamine (TEA, > 99.0%, Sigma-Aldrich) were
utilized to synthesize the SMP solution for later composite fabrication. The molar ratio of HDI,
HPED, and TEA was 1:0.05:0.6. Multi-walled CNTs (>95% carbon basis) with a density of 2.1
g/cm? and a diameter of 50-90 nm were purchased from Sigma-Aldrich to improve the electrical
conductivity of SMP nanocomposites. The 3D printer was BIOPRINTER Tissue Scribe (3mL

Nozzle) purchased from 3D Cultures company.

4.3 Fabrication of 3D printed CNT/SMP nanocomposites
The procedures of 3D printed CNT/SMP nanocomposites were indicated in Figure 4-1.
Certain amount of CNTs and HPED were added into a beaker which was mixed by glass rod for

10 min, then the CNTs were dispersed by probe sonication at 28% amplitude in pulse mode with
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5 seconds on and 2 seconds off for 1 minute. After sonication, TEA and HDI were added to the

CNT/HPED solution to prepare for the 3D printing ink.

HPED TEA HDI
ST 2 (& / ==
e - | | U
a a (5]
e a o
1 2 3 4
Post curing
1
u (=" . 1]
5 6 7 — _ 8

Figure 4-1 Schematic procesures of 3D printed CNT/SMP nanocomposites.
The ink was mixed by glass rod for 10 min which was transferred to a syringe. The, the
syringe was mounted on the 3D printer to execute the printing process. After printing, 3D printed
CNT/SMP nanocomposites were put in oven for post-curing. The curing for the nanocomposites

was from room temperature to 130 °C with a ramp of 10 °C/h and held at 130 °C for 1h.

CNT/SMP nanocomposite scaffolds with a CNT fraction of 2.0 wt.%, 2.5 wt.%, 3.0 wt.%,
3.5 wt.% and 4.0 wt.% and CNT/SMP nanocomposite beams with a CNT fraction of 3.0 wt.%,
were printed. The final printed nanocomposite scaffold was shown in Figure 4-2. The successful
printing of scaffolds reduced the fabrication time greatly from 120h to 30 min compared to the

method used in chapter 2 and 3 as the dissolving of sugar particles was time-consuming.
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(b)

Figure 4-2 (a) Printing model of scafflod, (b) 3D printed CNT/SMP scaffold.
4.4 Characterizations
The mechanical properties of 3D printed CNT/SMP nanocomposite scaffolds were tested
by the Instron 5969 universal testing system with a thermal chamber, as indicated in Figure 4-3.
Cubic scaffolds with a dimension of 10mm by 10mm by 10mm were compressed to 25% strain at
room temperature, Tg (39 °C) and Ty+5 (44 °C). The rate of all compression testing was 2mm/min.
Before the compression testing, all the CNT/SMP nanocomposite scaffolds were preheated in the

thermal chamber for 30 min to reduce the heat effect.

Figure 4-3 Mechanical testing setup using Instron 5969.
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For measuring the electrical resistivity, 3D printed CNT/SMP nanocomposite scaffolds
were dried before usage. A slight amount a silver Epoxy glue was put on the top and bottom surface
of scaffold, then copper tape was attached on the surface with glue. The samples were put in room
temperature for 24 hours for drying the glue. The resistivity of SMP/CNT composite scaffolds
with different CNT weight concentrations was measured using electric multimeter at room

temperature, T4 (39 °C), and T4+10 (49 °C).

Thermogravimetric analysis (TGA, TA Instruments Q50) was employed to examine the
thermal properties of 3D printed nanocomposites. Through the relationship between the
temperature and change in mass of the specimens, the thermal stability of the sample was
evaluated. Sample with a weight of near 30 mg was put inside the pan and heated under N> at a

flow rate of 60 ml/min. The sample was heated to 900 °C with a ramp of 10 °C/min.

4.5 Optimization of 3D printing parameters
An aluminum plate covered with PTFE coated fiberglass fabric sheet was chosen as the
base for printing. The fabric sheet is non-sticky to the ink and the printed nanocomposites can be

easily removed from the sheet.

For printing process, the weight of ink transferred to syringe was no more than 1.5 grams.
Once the transferring was ready, time was set at 0 sec. Every 5min, the quality of printed
CNT/SMP nanocomposites was recorded. It was found that the maximum printing time was only
15 min as the heat generated by the reaction of ink accelerated the curing making the ink from

liquid to solid which could not be squeezed out from the syringe any more.

When the weight fraction of CNTs was less than 2.5 wt.%, the viscosity of ink was too low

to form a line. When the weight fraction of CNTs was over 4.0 wt.%, the highly viscous ink could
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not be squeezed out from the syringe. The ink with the weight fraction of CNTs ranging from 2.5

wt.% to 4 wt.% could be printed by adjusting the infill rate and printing speed.

(@)

HE B
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&
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Figure 4-4 Effect of infill rate and print speed: (a) 20%&2mm/s, (b) 20%&4mm/s, (c) 20%&6mm/s, (d)
25%&2mm/s, (€) 25%&4Amm/s, (f) 25%&6mm/s, (g) 30%&2mm/s, (h) 30%&4mm/s, (i) 30%&6mm/s.

Infill rate and printing speed were the two critical parameters to determine the quality of
printed nanocomposites. Infill rate of 20%, 25% and 30% and printing speed of 2mm/s, 4mm/s
and 6mm/s were selected, so 9 results of printed nanocomposites was shown in Figure 4-4. Based

on results, it was found that higher infill rate and printing speed benefited the printing qualities.

4.6 Mechanical testing
The modulus of 3D printed CNT/SMP nanocomposite scaffolds fabricated by different

weight fractions of CNTs in two different planes which were tested at different temperatures was

shown in Figure 4-5.
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Figure 4-5 Modulus of scaffolds fabricated with different weight fractions of CNTs and tested at different
temperatures :(a) in x-y plane; (b) in x-z plane.

When the temperature increased from room temperature to Tg+ 5 °C, the scaffolds became
softer, so the modulus of all scaffolds decreased. The higher weight fraction of CNTs successfully
enhanced the mechanical properties due to the excellent performance of CNTSs including high
strength and stiffness. The printing direction also influenced the mechanical performance of

scaffolds as the modulus in vertical direction was higher than in x-z plane.

4.7 Thermogravimetric analysis

Thermal stability and decomposition behavior of 3D printed CNT/SMP nanocomposites
were investigated by TGA as shown in Figure 4-6. There was a 1% weight loss of nanocomposites
before the temperature reached to 200 °C, indicating moisture was inside. The decomposition
temperature was considered as 230 °C where the weight loss sharply appeared. When the
temperature increased to 550 °C, the weight loss became stable which was left only for CNTs. It

was found that the high weight fraction of CNTs in nanocomposites results in higher left weight.
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Figure 4-6 TGA results of 3D printed CNT/SMP naonocomposites with CNTs of different weight fractions.

4.8 Electrical resistivity

The effect of weight fraction of CNTs varied from 2.0 wt. % to 4.0 wt. % with an interval

0.5 wt. % on the electrical resistivity of 3D printed CNT/SMP nanocomposite scaffolds was

demonstrated in Figure 4-7. When the weight ratio of CNTSs in scaffold was low, the electrical

conductivity was poor due to the long distance between the CNTs. The longer the distance between

the fillers, the poorer conductivity would be. When the weight fraction of CNTs was above a

critical value of 2.5 wt. %, the electrical conductivity became larger instantly.
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Figure 4-7 Electrical resistivity of 3D printed CNT/SMP nanocomposite scafflods with CNTSs of different weight
concentration.

4.9 Shape memory behavior

Electrical resistance heating was used to verify the shape recovery behavior of 3D printed
CNT/SMP nanocomposite beam as shown in Figure 4-8. The beam of temporarily memorized
shape that was bent about 180 degree to U like shape was fixed by two clamps which were
connected to DC power. After the DC power was turned on which offered 6V voltage, the beam
began to expand and recover to straight shape. The recovery time was not linear that it took about
20s to recover 90 degree but finally took about 280s to return. Compared to the original printed

shape, it was not fully straight.
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Figure 4-8 Shape recovery of 3D printed beam with 3wt. % CNT triggered by DC power.

The shape recovery effect was also investigated by direct heating using a hotplate which
was demonstrated in Figure 4-9. The hotplate was pre-heated to 40 °C for 30 minutes to make the
surface evenly heated. The bent beam was placed on the hot plate and the process of shape recovery
was recorded. It took about 60s to recover 90 degree but finally took about 320s to return. The
final shape of shape recovered beam triggered by the direct heating was similar to the result of

beam by electrical resistance heating, and both of them were not fully recovered.

Figure 4-9 Shape recovery of 3D printed beam with 3wt. % CNT triggered by hotplate.
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Chapter 5 Conclusions and Future Work

5.1 Summary

In this thesis, multiple techniques including sacrificial template and 3D printing have been
used to synthesize porous SMP nanocomposites. Various properties of fabricated SMP structures
were characterized including density, porosity, compression modulus, resistivity, electrical
resistance heating and thermal stability. Demonstration of shape recovery behavior of SMP

nanocomposites showed that this material has a potential application for treating ICAs.

Pristine SMP foams were fabricated by HPED, TEA and HDI using a sacrificial sugar
template method. The shape recovery behavior of fabricated SMP foams were successfully
obtained. SEM results showed that the pore size of foam was about 480um leading to a high
porosity of 85.7% which had high compressive capability. For the cyclic compression test, there
was a hysteresis for the material meaning the maximum stress in each cycle degreased. The current
of 0.05A, 0.1A, 0.15A, and 0.2A were applied to carbon fiber which generated the heat to trigger
shape recovery behavior of the foam, and 0.15A was the optimal current considering the safety of

the human body.

CNTs were added using previous technique to fabricate CNT/SMP nanocomposite foams.
The densities of CNT/SMP nanocomposite foams could be determined by increasing the CNT
concentration or using small sugar particles. More CNTs and small sugar particles also leaded to
the high modulus of foams. As CNTs were excellent conductivity materials, owing to the more
involvement of CNTSs, the conductivity of CNT/SMP nanocomposite foams increased greatly. The

conductive foams could be heated by electrical resistance heating method to trigger the shape
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recovery behavior. The prototype of embolization using CNT/SMP nanocomposite foam was

successfully demonstrated in a transparent device which simulated the shape of ICAs.

3D printing technique was employed to manufacturing the customized shape of CNT/SMP
nanocomposites. Printing ink was prepared by the combination of CNTs and SMP solution which
had a working period for 15min. The higher infill rate and printing speed benefited the printing
quality. The weight fractions of CNTs ranging from 2.5 wt.% to 4.0 wt.% combining the printing
parameters of infill rate and printing speed were the value for the successful printing. Higher or
lower weight fraction would lead to the failure. The involvement of 3D printing significantly
reduced the synthesis time from 120h to 30 min compared to the method using sacrificial sugar

template.

When more CNTs were involved in the ink, the higher modulus of 3D printed scaffolds in
x-y and x-z planes could have. The TGA result indicated that the decomposition temperature of
3D printed scaffold was about 230 °C. The existing of CNTs of different weight fractions would
not influence the thermal stability. Owing to the introduction of CNTs, more CNTs made the
printed scaffolds have lower resistivity. The shape recovery behavior of 3D printed CNT/SMP
nanocomposites was obtained based on the experiments using electrical resistance heating and
direct heating. All these results prove that 3D printed porous CNT/SMP nanocomposites is very
promising to be applied for the potential treatment of ICAs due to the shorter manufacturing time

and convenient customization.
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5.2 Future work
5.2.1 Biocompatibility

The biocompatibility of SMP synthesized by HPED, TEA and HDI has been investigated
by Boyle et al. [48], while the porous SMP and CNT/SMP nanocomposites using sacrificial
template and 3D printing in this study have not been done yet. Safety is always the first rule for
bio-medical application, so we must make sure that this material is biocompatible and no
poisonous to human body. As a result, the biocompatibility tests should be taken into consideration

through the whole procedure of SMP nanocomposites synthesis and printing.

5.2.2 Investigation of using 3D printing for fabricating porous CNT/SMP nanocomposites

3D printing is a significant technique which can reduce fabrication time and realize the
customization, but for our work, they are preliminary results which still have more space to
improve. Photopolymer can be introduced to improve the printing resolution and accuracy. Salt or
sugar particles can be also involved for the preparation of ink which lead to the porous structure

of 3D printed materials.

5.2.3 Potential application in autonomous load sensing and structural health monitoring

The integration of highly conductive nanoparticles, such as graphene, CNTs, carbon black,
gold nanowires , and silver nanowires, can significantly increase materials’ electrical conductivity,
leading to potential load sensing applications, often referred as autonomous sensing or self-sensing
[92-95]. The CNT/SMP nanocomposites developed in this project can potentially be used for self-
sensing, leading to external load and deformation measurement capabilities. In addition, the
recorded sensing information can be used to estimate the materials’ and structural integrity and

embedded damage. Certain efforts have been referred as structural health monitoring and
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prognostics in literature [96-103]. An example of CNT/SMP nanocomposites for structural health
monitoring application is the real-time monitoring of cracks and delamination in sandwich
composites by monitoring the variation of piezoresistive properties in nanocomposites. The
correlation of measured resistance and potential damage provides a unique method to enhance

structural safety in sandwich composites.
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