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Abstract

Smart materials are an attractive solution to low cost, low weight and high performance
applications. They have multifunctional properties that can be controlled by external stimuli such
as light, heat and electricity. Their properties can be tailored for specific purposes, their fabrication
process is cost effective, and their applications do not require an additional electronic control
system. Smart materials can be broadly classified into their two major abilities, actuation and
sensing. They can be programmed to respond to external stimulus (actuation) or sense the changes
in their environment (sensing). Throughout this dissertation, the programming/fabrication of such
smart materials and their analytical characterization techniques for both actuation and sensing, are

discussed.

In chapter 3, the programming process of a polymer for smart actuation application was
evaluated using a coupled thermomechanical finite element framework. The polymer was
programmed to store applied strain through a pre-straining process which was later recovered by
shape recovery through uniform shrinking of the polymer. The strain was applied in two orthogonal
directions by passing the polymer through a set of rollers and its shape recovery was investigated
by uniformly heating the polymer. The process parameters were parametrically varied to obtain an
optimized shape recovery performance. It was found that process parameters such as feed rate and

rate of uniform heating changes the shape recovery performance.

In chapter 4, pre-strained polymer was evaluated for its localized shrinking and shape
recovery with an application of an applied electric field. The electric field increases the
temperature through resistive Joule heating and generates a temperature gradient through the

thickness of the polymer. This temperature gradient creates strain gradient through its thickness
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resulting in an uneven shrinking of the polymer along its thickness. This results in out-of-plane
self-folding of polymers and this is studied for various processing parameters, such as electrical
conductivity of the localized region (hinge), width of the hinge and applied voltage. It was found
that folding occurs only when the polymer reaches glass transition temperature (7%) and the speed

at which it folds depend on the applied voltage, the width and conductivity of the hinge.

In chapter 5, the structural relaxation of polymers undergoing physical aging is studied for
their shape recovery applications. Polymers were aged for several days where they go through
structural relaxation by changing their polymer chain conformation. The structural relaxation
process was further analyzed by inducing conformational changes to the polymer chains through
thermomechanical pre-straining process. The enthalpy lost during the structural relaxation process
was quantified for various aging time, pre-straining parameters and their effects on shape recovery

performance of the polymer was analyzed.

In chapter 6, polymers under the exposure of space environments, such as UV-C and atomic
oxygen were evaluated for their shape recovery performance. The prolonged exposure to these
environments causes chain scission in polymer chain backbone, breaks down the polymer chains
and introduces foreign functional group to the backbone which degrades the polymer. Polymers
were exposed to the UV-C radiation and atomic oxygen for several hours, and the resultant
degradation of polymers were analyzed through infrared spectroscopy. The degradation of polymer
chains resulted in diminished shape recovery performance in polymers. This chapter lays the
experimental foundation for the samples sent to the international space station (ISS) for a 6-months

long experiment where they were exposed to space environments of UV-C and atomic oxygen.

In chapter 7, conducting polymer fibers were fabricated through electrospinning process,

and characterized for electrical signal sensing applications. Electrospun fiber mat has tremendous
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potential to be used as an intelligent interface between a human and a prosthetic limb to enable
wider range of mobility in patients with spinal cord injuries (SCI). The non-woven electrospun
fibers were analyzed for their morphology and their thermal, mechanical and electrical
performance were characterized accordingly. Multiple conducting polymers were evaluated for the
electrospinning process and the fiber mat’s conductivity was seen to be increasing with increased

concentration of conducting polymer solvent.

Keywords: smart materials, shape memory polymers, pre-straining, viscoelasticity, finite element

method, recovered enthalpy, structure-property relationship, electrospinning.
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tension of the solution droplet during electrospinning. The formation of beads are associated
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Chapter 1

Introduction

1.1. Background

Smart materials are a class of multifunctional materials, that can be used as an actuator by
modifying their shape' or fundamental properties, such as mechanical®, electrical® or optical
properties*, in response to environmental cues such as heat®, electromagnetic waves®’, electric
fields®, or moisture’, or used as a sensor by converting mechanical response to electrical signal'’.
Smart materials are abundant in nature, such as a chameleon changing its color to blend in with its
surroundings, the leaves of mimosa pudica collapsing when touched, and leaflets of codariocalyx
motorius rotating towards sunlight are some of the examples of smart materials found in nature'’.
Throughout several decades, researchers have worked in developing polymers to behave as a
stimuli-responsive polymers (SRPs) that are currently being used in variety of industries such as,
automotive'?, aerospace'®, biomedical'®, food packaging'®, textiles'¢, and acoustics!’. Due to an
increase in demand for high performance, ease of manufacturability and compact size, SRPs are
used as a sensor or an actuator without the need for an additional electronic control system'®!.
SRPs are an attractive alternative to ceramics and metallic materials due to their low cost, faster
response time, high strain output, lightweight and biocompatibility properties®*?2. Some of the
commonly used SRPs are thermoplastic polymers such as polystyrene (PS), thermoplastic

polyurethane (TPU), and polyethylene terephthalate glycol (PETG) and thermoset polymers such

as epoxy resin, thermoset polyurethane and polyimide?:.

SRPs can be tailored to specific functions by programming their response behavior (e.g.,

mechanical deformation) in response to a stimulus (e.g., thermal exposure). One such application



is the shape memory effect (SME), where the SRPs “memorize” their original shape and can revert
back to it in response to the applied stimulus?*. The programming is conducted on a molecular
level of a polymer, by taking the polymer chains through a number of thermomechanical
processing steps®>. This step is called pre-straining, and it imparts a temporary shape to the polymer
and conditions the polymer for SME. Polymers can be pre-strained through processes such as hot

2728 and rolling®. The temporary shape can be reverted to the

drawing®®, compression molding
original shape through a recovery process involving the external stimulus. The shape recovery
process of these shape memory polymers (SMPs) has been utilized in various forms, such as

30,31

Miura-ori folding®*3! and self-folding origami®*-**3, to achieve complex 3D structures from a 2D

sheets.

SMPs utilize the structure of their polymer chains to exhibit shape memory abilities and is
important to understand the effects of pre-straining steps in their recovery behavior. The study of
structure-process-property relationship of polymers undergoing pre-straining and eventually the
recovery process is therefore essential in understanding the shape memory behavior of SMPs.
Furthermore, the underlying process of shape recovery is affected by their prolonged storage

condition (physical aging) which needs to be addressed for practical usage of these SMPs.

Furthermore, smart materials has been used in space applications, such as low earth orbits
(LEOs), where they are exposed to harsher environmental conditions, such as UV radiation, atomic
oxygen, and colder temperatures that change the properties of the material rapidly. Polymers are
sensitive to these environments and are known to degrade under prolonged exposure to UV
radiation and atomic oxygen. Any polymers used for shape memory applications for future space
explorations will get exposed to these conditions, gets degraded rapidly, decreases its performance

over time and needs to be studied further.



In addition to smart materials being used as actuators, they have been used as sensors in

4

applications involving detection of toxic gases®*, sensing the presence of organic contaminants in

t*> and detecting electrical signals from muscle actuations®®. Polymers with their

the environmen
inherent properties to sense such changes can be fabricated through numerous processes, such as
polymerization®’, additive manufacturing®®, and electrospinning®®. Electrospinning is a fiber
manufacturing process that stretches the polymer solution into nanofibers by applying electrical
field and deposits them as a fiber mat***!. For applications involving sensing of electrical signals
produced from muscle actuations, electrospun polymer fibers have been widely used in the past

years*!:42,

1.2.  Research objectives

The current research focuses on studying the structure-process-property relationship of
polymers undergoing thermomechanical load and analyze the shape recovery response under
various external stimuli. Multiple analytical tools and characterization techniques have been used
to quantify the changes in the structure of the polymer. In addition, computational modeling and
experimental verification has been conducted to examine the validity of the shape recovery
response. This research will provide a better understanding of rolling process applied to SMPs,
advance the knowledge of shape recovery performance in SMPs, study the effects of physical
aging and UV aging on shape recovery response of SMPs and fabricate an electrically conducting

smart fiber mats for sensing application, followed by its characterization.

1.2.1. Computational modeling of hot rolling process for biaxial pre-straining of shape
memory polymer sheets
In chapter 3, biaxial pre-straining of a polymer, undergoing rolling, was computationally

evaluated for shape memory applications. The goal of the work done in this chapter is to



computationally model a biaxially pre-strained polymer and maximize its shape recovery
performance by varying multiple processing parameters. A previously developed finite element
framework was used to study the thermomechanical load applied to the polymer through rolling.
The amount of strain generated by the roller, in two orthogonal directions, were evaluated. In
addition, the role of friction between the roller and workpiece on the amount of stress applied on
the workpiece surface is analyzed. Finally, the effects of processing parameters were evaluated to
maximize the shape fixity and shape recovery of the pre-strained polymer.
1.2.2. Coupled electro-thermo-mechanical modeling of shape memory polymers

In chapter 4, a previously developed computational framework is modified to include
electrical properties of the polymer and thermomechanical load is applied to pre-strain the
polymer. The goal of this chapter is to develop a finite element framework that evaluates coupled
electro-thermo-mechanical response of a thermomechanically pre-strained polymer actuated by
application of electric field. The strain recovery of the pre-strained polymer is triggered by
applying localized electrical current to the polymer, and the performance of shape recovery is
evaluated through self-folding of the polymer.
1.2.3. Relationship between recovered enthalpy and the shape-memory effect in shape
memory polymers

In chapter 5, the structural relaxation of polymers undergoing physical aging is studied for
their shape recovery applications. Polymers were physically aged for several days where they go
through structural relaxation by changing their polymer chain conformation. The structural
relaxation process was further analyzed by inducing conformational changes to the polymer chains

through thermomechanical pre-straining process. The enthalpy lost during the structural relaxation



process was quantified for various aging time, pre-straining parameters and their effects on shape

recovery performance of the polymer was analyzed.

1.2.4. Effects of UV-aging on shape recovery performance of shape memory polymers

In chapter 6, polymers were studied for their shape recovery performance when exposed
to UV-C radiation and atomic oxygen. The prolonged exposure to these environments introduces
foreign functional groups to the polymer chain backbone, causes polymer chain scission, and
breaks down the polymer chains. Polymers were exposed to the UV-C radiation and atomic oxygen
for several hours, and the resultant degradation of polymers were analyzed through infrared
spectroscopy. The thermal, mechanical and viscoelastic characterization were performed, and the

change in shape recovery performance of UV-aged polymers were analyzed.

1.2.5. Characterization of electrospun, conducting polymer electrodes enabling mobility
for all

Finally, in chapter 7, the sensing application of smart materials is studied. In this chapter,
conducting polymer fibers were fabricated through electrospinning process, and characterized for
electrical signal sensing applications. The non-woven electrospun fibers were analyzed for their
morphology and their thermal, mechanical and electrical performance were characterized
accordingly. Electrospun fiber mat has tremendous potential to be used as an intelligent interface
between a human and a prosthetic limb to enable wider range of mobility in patients with spinal
cord injuries (SCI). Multiple conducting polymers were evaluated for the electrospinning process
and the fiber mat’s conductivity was analyzed for several concentrations of conducting polymer

solvent.
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Chapter 2

Literature Review

The dissertation focuses on shape memory polymers (SMPs), smart materials and shape
recovery process of the polymers. The understanding of polymers, their structural arrangement and

their characterization techniques is provided in this chapter.

2.1. Polymers

Polymers are a class of materials that consists of a collection of repeating molecular units
(monomer) linked together by primary covalent bonds'. Polymers are distinct from other materials
such as metals as their properties, such as mechanical, optical or electrical conductivity vary with
time, temperature, and other environmental factors due to their molecular structure?. Polymers can
naturally occur such as silk, cellulose, and starch or can be synthetically prepared such as
polystyrene, Teflon™, and nylon®. Polymers are generally superior to other materials like metals
in terms of their low cost, light weight, corrosion resistance and easy processability, while they lag
behind metals in terms of strength, electrical conductivity and recyclability'. Polymers, through
means of additives, can be tailored to enhance certain properties such as colors, conductivity, and
strength®. This has led to polymers being an integral part of day-to-day life and they find usage in
applications such as food packaging, fibers and textiles, manufacturing, electronics, transportation

and biomedical devices®.

2.1.1. Monomer unit
The individual monomer unit consists of carbon backbone with other elements such as
hydrogen, oxygen, and nitrogen, linked with each other to form a polymer chain. Each polymer

chain can have different lengths depending on the number of linked monomer units and is

13



considered to be a single molecule, hence the name macromolecule (macro = large), as shown in
Figure 2.1a. These polymer chains can have different regions, such as crystalline region, where the
chains are folded in an orderly way or amorphous region, where the chains are oriented randomly,
as shown in Figure 2.1b. The polymer chains are entangled with each other and can occur either
through secondary van der Waals bond or primary covalent bond!. These bonds are a function of
temperature. which affects both the molecular and bulk properties of polymers®. Polymers are

categorized into two types, thermoplastic and thermoset polymer.

a) b)
Monomer
unit
i
B VB
HHIH HiH H

Figure 2.1: Schematic representation of macromolecular structure of polyethylene. a)
Representative polymer chain containing multiple monomer units. b) Collection of polymer chains
in crystalline (folded up portion of a polymer chain) or amorphous (random portion of a polymer

chain)!.
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2.1.1.1. Thermoplastic polymers

The polymers where intermolecular entanglement of polymer chains occur through weak
van der Waals bond is thermoplastic polymers as shown in Figure 2.2a. Thermoplastics have lower
strength compared to thermoset polymers but are relatively easy to process due to the weak
entanglements. They are recyclable and can be easily molded by heating and deforming repeatedly.
reversibly’. Thermoplastic polymers are usually manufactured through extrusion, injection
molding, or compression molding®. Some examples of commodity thermoplastic polymers are

polyethylene, polypropylene, and polystyrene.

2.1.1.2. Thermoset polymers

The polymers where intermolecular crosslink occurs through primary covalent bond is
thermoset polymers, as shown in Figure 2.2b. The crosslink networks are usually stronger than the
entanglements found in thermoplastic polymer. Unlike thermoplastic polymers, thermosets
degrade when heated and cannot be molded reversibly'. Thermoset polymers are used as a high
performance composites in automotive and aerospace industries’. They are manufactured through
reaction injection molding, casting, or transfer molding®. Some examples of thermoset polymers

are epoxy resins, Bakelite™, and thermosetting polyurethane.
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Figure 2.2: Representative polymer chains containing entanglements in a) thermoplastic polymer
and b) thermoset polymer. The dots represents presence of crosslink between polymer chains in

thermoset polymer'.

2.1.2. Polymer chain motion

The polymer chain network in both thermoplastic and thermoset polymers have free
volumes between them providing enough space for chains to undergo random motion at various
temperatures’. This motion of polymer chains is best described in terms of reptation (derived from
the word reptile) or worm-like creeping motion of one polymer chain through a matrix of

neighboring chains'’, as shown in Figure 2.3.
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Figure 2.3: Polymer chain motion depicted through reptation, where one polymer chain slide

through its neighboring chains.!!

For thermoplastic polymers, the free volume between the polymer chain decreases at lower
temperatures. At this temperature, the polymer behaves as a solid elastic material. In contrast, at
higher temperatures, the polymer chains are free to move around and behaves as a viscous liquid

(thermoplastics) or elastomer (thermosets).

Similarly, at low temperatures, despite having low free volume, individual polymer chains
can creep through the neighboring chains extremely slowly. The time scale of such creeping
motion is long enough to be undetected at normal time. With enough time, polymer eventually

behaves as a flowing viscous liquid at sufficiently lower temperatures'.

For thermoset polymers, the behavior is similar to that of thermoplastic polymers at lower
temperatures, however, due to the presence of stronger crosslink between the polymer chains, they
cannot freely move around and do not behave as a viscous liquid at both higher temperatures and

longer time'.
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The dual nature, elastic and viscous, residing in the same material, make polymers unique
and interesting. The elastic and viscous properties, both are reversible in polymers and are time
and temperature dependent'. This present a challenge in understanding the mechanical behavior
of a polymer and therefore is explored through a time temperature dependent model called

viscoelasticity.

2.1.3. Viscoelasticity

Polymers, due to the motion of polymer chains, have a range of elasticity values depending
on temperature and time. This range of elasticity is a measure of free volume between the polymer
chains and their movement at a given temperature'2. It ranges from glassy elastic modulus where
the chain movement is minimal and restricted, to rubbery viscous modulus where the chains can
slide past each other freely (for thermoplastic polymers). The modulus can be reversibly changed
at the glass transition temperature (Ty), as shown in Figure 2.4'3. At lower temperatures (T < Tg),
polymer mobility is low, chain movement is frozen and both polymers behave as an elastic
material. At higher temperatures (7 > Tg), polymer chains can move around freely for
thermoplastic polymers, and they behave as viscous material. Thermoset polymers exhibit loss in
its modulus but they do not flow due to the presence of stronger crosslinks preventing its chain

motions'.

During the glass transition, the amorphous portion of polymer chains have an increased
mobility and the van der Waals force decreases. This softens the material and manifests in the
significant drop of its modulus within a smaller temperature range. Apart from modulus drop,
multiple transitions occur at 7g, such as thermal expansion coefficient, specific volume and specific
heat capacity undergoes a discontinuity'. These transitions occur at Ty due to an onset of large

chain motion with a dramatic increase in free volume.
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Figure 2.4: Temperature dependence of elastic modulus of thermoplastic polymer (solid line) and
thermoset polymer (dashed line). At lower temperatures (7' < Tg), polymers behave as an elastic
material, at higher temperatures (7g < 7' < Tm), thermoplastic polymers behave as viscous material
and thermosets show no change in its modulus due to crosslinks among the polymer chains. The
transition between elastic and viscous regime occurs at 7 and at temperature above the melting

temperature 7m, the polymer completely melts.

The transition of mechanical properties at 7% is reversible and can be utilized to program a
polymer for a specific purpose. The viscoelastic property of a polymer is an exciting concept in
the realm of materials that can adapt their properties in response to external stimuli. By employing
viscoelastic transition of polymers, researchers can create novel systems that not only respond to

stimuli but also exhibit controlled and specific time-dependent responses.
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2.2.  Smart materials
Smart materials are a class of active materials that can adapt their properties, such as

shape'* and physical properties!? in response to the controlled application of external stimuli, such

16,17 18,19 20,21

as heat'*"’, electromagnetic waves >, electric fields and magnetic fields?’>. These stimuli-

responsive materials (SRMs) are tailored to transduce external stimuli into physical changes, such

as thermochromic (color change in response to the applied heat)®® piezoelectric (generating

electrical charge in response to the applied mechanical load)***

, and shape memory (transitioning
between temporary and permanent state in response to the applied thermal load)'>*°. SRMs that
can reversibly change their shape are programmed to include SME and can be triggered in smart
materials such as SMPs through viscoelastic transition’’, and in SMAs through crystalline
transitions®*, Due to their low cost, high strain output, lightweight and biocompatibility
properties, SRMs are advantageous over materials like metals, ceramics and glass®*=2. Shape

memory effect of SRMs has been utilized over the past decades to create sensors and actuators

without the need of additional electronic control system®**. Some industrial applications include

35,36 38,39

biomedical devices®>, artificial muscles’, self-healing applications®®*°, self-deployable space

41,42 4344

structures®, auxetic structures*'*?, structural health monitoring****, smart packaging®’, smart

textiles*®, and vibration dampening applications*’#%.

2.2.1. Types of smart materials
A number of SRMs initiate shape change through the application of external stimuli.

Various SRMs and their shape change response mechanism are briefly described here.

2.2.1.1. Piezoelectric materials
Piezoelectric materials can generate electrical charge in response to the applied mechanical

load (direct piezoelectric effect) and conversely, convert electrical input to mechanical deformation
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(inverse piezoelectric effect)**?*, as shown in Figure 2.5. Piezoelectric materials can be naturally
occurring, such as tourmaline and quartz*’, or artificially synthesized, such as PZT* and
potassium-sodium niobate®!. The mechanism of piezoelectricity in a crystal lattice is described by
the movement of ions in the crystal developing electrical charge when an external mechanical load
is applied®®. Piezoelectric materials have been extensively used in applications such as

biosensors>?, healthcare monitoring>* and energy harvesting™.
b

pmmm—————
T

Strain  Voltage Strain  Voltage
(Input)  (Output) (Output) (Input)

Figure 2.5: Schematics of a) direct piezoelectric effect and b) inverse piezoelectric effect. Blue and

red represents input and output respectively for each effect.

2.2.1.2. Electroactive polymers (EAPs)

Polymers exhibiting shape change in response to an applied electrical field is grouped as
EAPs>®. Unlike piezoelectric materials, EAPs under the application of electric field exhibit shape
change by the accumulation of opposing electric charges on the surfaces of the polymer®’. EAPs
can undergo larger mechanical deformation compared to a piezoelectric material and can sustain

the load longer*®. Due to the larger mechanical deformation and excellent biocompatibility
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properties, EAPs has been used in applications such as artificial muscles®, tissue engineering®’

and soft robotics®®.

2.2.1.3. Shape memory alloys (SMAs)

SMAs are metallic alloys that have shape memory properties and can return to their original
shape in the presence of external heat. They are one of the widely used smart materials in
applications ranging from automotive®' to biomedical devices®>. SMAs exhibit shape memory
effect through a reversible solid-solid phase transformation between two distinct crystal structures,
martensite and austenite®®. The martensite is a lower energy crystal phase which is stable at lower

temperatures, while austenite is stable at higher temperatures®.

The shape memory sequence for SMAs is shown in Figure 2.6. The twinned martensite
crystal phase of SMAs can be plastically deformed at lower temperature with an application of a
mechanical load to de-twinned martensite phase. The unloading at this temperature recovers some
strain elastically and it retains the temporary shape. When the unloaded detwinned martensite is
heated above the austenite start temperature (4s), the transformation to austenite phase begins and
the material begins contracting and start to recover its original shape. The transformation ends at
the austenite finish temperature (4y) after which the material is cooled to the original temperature.
During the cooling process, the austenite phase reverts to the twinned martensite phase at the
martensite start temperature (Ms) and it ends at martensite finish temperature (My). The
transformation back to the martensite phase during cooling recovers the original twinned crystal

phase, thus imparting SME on the SMA.
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Figure 2.6: Reversible solid-solid phase transformation between martensite and austenite phase

inducing shape memory effect to the shape memory alloys®.

This feature of SMA is called one way shape memory effect (OWSME), where the SMA
maintains the temporary shape and can revert to its original shape by reheating. Another feature of
SMA is called two-way shape memory effect (TWSME), where the SMA can “remember” two
shapes, one at lower temperature and the other at higher temperature and can show the shape
memory effect during both heating and cooling. TWSME usually recovers half of the strain
compared to OWSME and is therefore preferred less than compared to OWSME. The third feature
of SMA is called superelasticity, where the SMA appear extremely elastic. This occurs at
temperatures just above Ay, where the applied load transforms the austenite phase to the martensite
phase resulting in relatively high deformation (extremely elastic). When unloaded at this
temperature, the deformed shape reverts to the austenite phase and the SMA recovers its original

shape®.
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SMA such as Nickel-Titanium (NiTinol) is used in medical applications such as vascular
surgery®®, orthodontic wires®’ and catheter tips® due to its excellent shape memory and
gery p p ry

biocompatibility properties.

2.2.14. Shape memory polymers (SMPs)

SMPs are polymers that has been programmed to “memorize” its original shape and can
change its shape between its original and the temporary shape. The shape memory effect in SMPs
originates from changes to the conformation of individual polymer chains. The entangled polymer
chains consist of netpoints between the polymer chains?’ as shown in Figure 2.7. The netpoints
can be physical entanglement between the chains, crystalline phase, block copolymers or chemical
crosslinks®’. The netpoints acts as an anchor point to “memorize” the original undeformed shape,
while the polymer chains can slide past each other to deform and retain a temporary shape. In
semi-crystalline polymers, as shown in Figure 2.7, the shape change of SMPs is based on the
entanglement of alternating segments of crystalline phase netpoints and random polymer chains,
while in an amorphous polymer, the net points are the physical entanglement between random

polymer chains.

The polymer chains, when deformed at higher temperatures slide past each other and retain
the deformed shape when cooled down. They can return back to their original configuration after
reheating, through recovery of the initial strain. SMPs can undergo shape change in response to
the thermal energy in the form of heat'®, light® or electricity?®. SMPs, unlike SMAs, can sustain
larger mechanical deformation (up to two orders of magnitude more), provide higher recoverable
strain (up to two orders of magnitudes more), and require lower actuation energy (up to two orders

of magnitude less)**’°. Thus, SMPs are preferred over SMAs in applications such as heat shrinking

73,74 75,76

tubes’!, adaptive sensors’?, self-deploying structures and origami structures
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Figure 2.7: Schematic of entangled polymer chains with the netpoints. The netpoints act as an
anchor to retain the original shape and the polymer chains can slide past each other to deform and

retain the temporary shape?’.

2.2.2. Pre-straining sequence
Pre-straining is a set of thermomechanical processing steps that impart shape memory
properties to the polymer. It consists of a series of thermomechanical loading and unloading

steps’ "8

shown in Figure 2.8. In a prestraining process, a polymer undergoes mechanical
deformation (g,,) at a temperature above its 7, followed by subsequent fixation of that
deformation while unloading and decreasing the temperature’®*°. Deformation at elevated

temperature provides polymer chains with additional energy allowing them to move around the

domain in an attempt to reduce the conformational energy. This movement is stopped when the
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polymer is cooled below 7 while holding this new deformation. Once cooled, the chains stay at
this higher energy chain conformation even after the removal of the applied deformation. Finally,
the unloading process recovers some deformation due to the elasticity of the material and to some
extent due to the thermal contraction at 7' < Tg. This process locks the polymer chains into a new
configuration, thus providing a temporary shape (&) to the polymer. The ability of a polymer to
fix the mechanical deformation (&,,) applied during the pre-straining process is calculated using

shape fixity, (Ry) as!:

Rr =% -100% (1)

Em

Temperature
uieQ)S

Time

Figure 2.8: Schematic of thermomechanical load applied during pre-straining sequence. Red and

blue represents temperature and strain respectively.

2.2.3. Shape recovery process
The end of the prestraining process is followed by recovery of the residual strain of polymer
chains as shown in Figure 2.9. The residual energy of polymer chains due to the applied strain can

26



be recovered by raising the temperature of the polymer to a temperature above its 7g. At this
temperature, the polymer chains have increased mobility, resulting in chain relaxation where they
can move around until they find a lower energy conformation. The chain relaxation occurs at
temperatures above 7z where the end-to-end length of the chain decreases in order to return back
to a thermodynamically favored lower energy conformation. The net effect of this relates to the
bulk material returning to its original shape (&,~0). The polymer chains move towards a lower
energy state achieved before prestraining and in the process recovers the residual strain. The
efficiency of the recovery process is calculated through shape recovery (R;) according to the

relation®':

Em — &
R, =m"% . 100% 2)
Em
Pre-strain Recovery
(4]
5 “““““““““““ Em
© 1 Eu
i |
Q |
£ &
= S,
=
1 &
Time

Figure 2.9: Thermomechanical loading depicting pre-straining and recovery sequences. Red and

blue represents temperature and strain respectively during each procedure.
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Chapter 3
Computational modeling of hot rolling process for biaxial pre-straining of shape memory

polymer sheets

Abstract

Shape recovery of SMPs enable planar sheets to be converted to 3D structures in response
to external stimuli such as heat. This shape change results from viscoelastic recovery of stored
strain at higher temperature, that was imparted to the material via a pre-straining sequence. The
pre-straining sequence consists of deforming the polymer at an elevated temperature and cooling
it to lock in a temporary, deformed shape. The imparted strain can be recovered by reheating the
polymer above its glass transition temperature (7%) uniformly to shrink. Biaxially pre-straining the
polymer sheets has been developed at an industrial scale for few types of materials and provide
limited opportunities to scale down to a laboratory setup for specific applications such as
temperature and strain controlled shape recovery applications. In addition, previous research
efforts have focused primarily on uniaxial pre-straining by stretching the material, which limits
the possibilities for transforming the material to 3D structures through origami principles.
However, limited research has been conducted towards lab-scale, biaxial pre-straining of polymer
sheets, which can provide increased shape recovery efficiency and pre-strain a wider variety of
polymers that can be selected based on their applications. In this chapter, we build a computational
model of a lab-scale shape-memory polymer pre-straining process, wherein a heated polystyrene
is pre-strained by passing it through two rollers, thereby pre-straining in two directions, followed
by quenching. We conduct a parametric pre-straining analysis by varying the process parameters
such as roller gap, roller speed, feed rate and working temperature and quantify the effects of

process parameters on the amount of pre-strain imparted to the polymer. Further, we evaluate the
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shape memory performance of the SMP as a result of varying process parameters. The results
obtained through this study is useful in studying various processing parameters in biaxial pre-
straining process by pre-straining a variety of application specific polymers and will be used to

verify the experimental analysis.

3.1. Introduction

Pre-straining is a series of thermomechanical processing steps, intended to modify a
polymer’s structural configuration that leads to tailorable material properties, such as stiffness,
toughness!?. Pre-straining involves subjecting the polymer chains to controlled mechanical
deformation at an elevated temperature, which aligns them in a desired orientation®. Polymer
chains can be aligned through stretching®, compressing’, blow molding® and rolling’, before they
take their final shape. The alignment of polymer chains improves mechanical properties such as

strength and toughness®, enhances barrier properties of polymer films®!°

and improves
dimensional stability!'!!2. Pre-strained polymers have been used in various applications such as

blow molded PET bottles, flexible electronics'® and fabric-reinforced composites'* and have meet

the performance requirements in industries such as automotive'® and aerospace!.

During the pre-straining process, the polymer is heated to an elevated temperature, usually
above its glass transition temperature (T > Tg), which increases the mobility of its molecular
chains'’. The increased mobility allows the polymer chains to align more easily when subjected to
a controlled mechanical deformation, such as stretching, compressing or twisting'®!°. Mechanical
deformation can be applied uniaxially in a longitudinal direction, or biaxially in both longitudinal
and transverse direction?’. Tensile mechanical deformation at elevated temperature aligns the
polymer chains along the direction of the applied force'®. Following the deformation, the polymer

is immediately cooled below its glass transition temperature (T < Tg), where the chain mobility
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is reduced, and the alignment of the polymer chains can be preserved in the temporarily deformed
shape?!"?2. In polymers, biaxial pre-straining can enhance mechanical properties more effectively
compared to uniaxial pre-straining as it involves subjecting the polymer chains to align along both
longitudinal and transverse axes*>**. As a result, the material gains improved mechanical
performance in both directions?’. The alignment of polymer chains after the pre-straining process
can also be used for temperature responsive shape recovery or actuator purposes through the
application of external stimuli?'. The application of external stimuli increases the temperature of
the polymer, thus increasing the mobility of the polymer chains. This gain in chain mobility
gradually releases the stored pre-strain, thereby recovering the polymer to the undeformed shape.
It is to be noted that only the elastic portion of the applied pre-strain is recovered at temperatures
above Tg, as any plastic deformation will permanently align the polymer chains beyond elastic
recovery. The pre-straining process is a precursor to the SME of a polymer and it has been used in

25,26

various applications such as self-folding origami**~®, soft robotics?’?®

and deployable

structures®3°,

In recent years, numerous groups have worked on biaxially pre-straining of polymer sheets
and studied the effects of biaxial stretching on the performance of a polymer. Notable works
include the development of a stretching module that can be adapted to any uniaxial tensile testing
machine®!; plastic deformation of biaxially pre-strained polymers studied through the rolling
process®’; and step-wise rolling with multiple passing of polymers in different orientation.?’.
Previous studies have primarily focused on plastic deformation during the rolling process and
observed the mechanical performance of the pre-strained polymers. However, limited study has
been performed on evaluating the performance of polystyrene undergoing biaxial pre-straining

process. With the correct understanding of biaxial pre-straining of a variety of polymers, we could
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select the right polymer for a specific application, such as thermomechanical shape memory
applications. The shape memory cycle is sensitive to processing parameters during pre-straining
process, such as processing temperature, strain rate and amount of deformation®. Plastic
deformation of a polymer is disadvantageous to its mechanical strength and is particularly
detrimental for applications including SME of a polymer, as it cannot recover the plastic
deformation applied during the pre-straining process. Furthermore, polymer rolling is
advantageous to hot pressing, as rolling provides uniformity in the production of sheet and films
and is a continuous process that is suitable for continuous production line while hot pressing
requires some downtime between each compression and introduces shear bands on the surface of
the polymers****. Therefore, study of polymers undergoing elastic deformation during biaxial pre-
straining is necessary in order to improve the shape recovery performance and generate the most

optimized temporary shape to a polymer that can be recovered for shape memory applications.

In this chapter, a computational biaxial rolling model was developed, and the pre-straining
process was investigated towards the goal of optimizing the shape recovery performance for SMPs.
A previously developed 3D, nonlinear finite element framework was used to model the rolling
process®!. The material properties of polystyrene were used as an input for the pre-straining
process, and the roller was modeled to be analytically rigid aluminum. Material properties such as
mechanical properties, viscoelastic properties, and thermal properties of polystyrene were input
along with the boundary conditions associated with the rolling process. The computational
approach involves passing the polymer workpiece between two rollers at a specific feed rate at a
temperature above its glass transition temperature (7 > Tg), and immediately cooling to below its

Ty (T < Ty) after exiting the roller. The pre-strained workpiece is further investigated for the effects
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of process variables such as roller gap, roller speed, feed rate and temperature on shape recovery

performance of SMP.

3.2. Computational approach

A general rolling schematic is shown in Figure 3.1a. Consider a pair of rollers of radius R
rotating at an angular velocity of w-. A workpiece with an initial height 4:, width wi (into the page),
and length L; , as shown in Figure 3.1b, is moving towards the roller at a speed vi. The coefficient
of friction between the roller and the workpiece is u and the projected length of the arc of contact
between the roller and the workpiece is L. The workpiece is compressed to a final height 4/(which
may be different than the gap between the rollers), width wy, and length Lrafter exiting the roller.

The change in height of the workpiece (Ah = h; — hf) is used to compute the pre-strain in y-axis
and the change in width of the workpiece (AW = w; — Wf) is used to compute the pre-strain in z-

axis. The change in the workpiece’s length, along x-axis, is negligible (<1%) due to the absence
of applied force in a longitudinal direction. The gap between the rollers, roller gap (g), is varied

to apply varying amount of pre-strain to the workpiece during the rolling process.
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Figure 3.1: a) Schematic of rolling process. The workpiece is biaxially compressed at 7> T¢ during
the rolling process and is cooled to 7' < Ty after the compression to store the applied pre-strain. b)
The workpiece used in computational analysis. The workpiece has midplane symmetry about the

xy-plane.

Throughout the rolling process, the workpiece undergoes viscoelastic deformation at 7 >
Ty, the viscoelastic deformation is caused due to deviatoric strain, therefore, the entire process is a

constant volume process and follows volume conservation law** according to the relation:

hiw;L; = hswysLs (1)
The prevalent theory on rolling assumes the width to be sufficiently large compared to the
projected length of arc of contact between the roller and the workpiece (W > Lp), that the width
is considered constant throughout the rolling process*®. The decrease in final height of the
workpiece therefore increases the final length according to Equation 1. Furthermore, it is also
assumed that the workpiece undergoes plastic deformation during the rolling process®. However,

both of these assumptions need to be updated for this work as our model consists of a workpiece
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that has a comparable width to the projected length of arc of contact between the roller and the
workpiece, thereby assuming the width to vary during the rolling process. In addition, we are only
applying elastic and viscoelastic deformation, instead of plastic deformation to the workpiece for

shape recovery applications.
The assumptions and boundary conditions for this model are:

a) The roller is an analytical rigid element,
b) The roller has an angular velocity w,

c) The workpiece has a translational velocity of vi towards the positive x-axis.

The physical and mechanical material properties used are density (p), specific heat capacity
(Cp), thermal conductivity (k), Young’s modulus (E), Poisson’s ratio (v), viscoelastic component

represented by dimensionless relaxation moduli (gi), and relaxation times (7).

The underlying viscoelastic response is evaluated through a previously developed®’ 3D,
nonlinear finite element framework. A viscoelastic material model was utilized to account for the
time dependent mechanical behavior of the SMP. An experimentally obtained viscoelastic master
curve is modeled by a Prony series?!, which requires dimensionless relaxation moduli, gi, and

relaxation times, 7, to calculate the storage modulus, G, and loss modulus, G ”, according to*%:

' 9i @rwty)?
G'(w) = Go(1— Xiz1 ) + Go ?:1#(‘;)2 2)
" _ n gi 2nwt;)
G (w) - GO =114 2rwti)? (3)
tans = &L 4)

G'(w)
where Gy is the instantaneous shear modulus, o is the frequency in Hz and tand indicates

the amount of energy dissipated.
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The relaxation times are temperature dependent and is updated for the viscoelastic material

model as the temperature changes using the WLF equation®’:

€1 (T-Tg)
Tt (T-1y)

log(ar) = (5)

where, ar is the shift factor for the time and temperature dependent properties, C; and C:
are constants, 7 is the temperature and 7 is the glass transition temperature. For polystyrene, the

values of C; =17.44; C>=51.6 and T, = 103°C was used'’.

The viscoelastic material properties vary with thermal changes, which needs to be
accounted for in the model. Therefore, in addition to the mechanical response, the thermal change

is calculated according to:

pCy s — V- (KVT) = g, (6)
where, g, represent the total heat flux. The variables p, Cp and k are the density, specific
heat capacity and thermal conductivity of the material, respectively.

The roller applies maximum strain (&, and £,) to the workpiece at T = T, + 10°C during
the rolling process, as shown in Figure 3.2a-b. The workpiece is cooled to 7 = Ty - 10°C by
applying temperature boundary condition after exiting the rollers. During this step, the workpiece
shrinks a small amount on both directions due to the removal of the mechanical load, to a new
temporary strain (£X, and €), as shown in Figure 3.2c. The efficiency of the pre-straining sequence
in each direction is evaluated through the shape fixity ratio (Ry) as*":

Rp =2 -100% (7)

Em
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After the pre-straining step, the workpiece undergoes shape recovery step where it is
uniformly heated to 7 = Tg + 10°C to recover the applied pre-strain during the pre-straining

process, as shown in Figure 3.2e-f and is evaluated as the recovery ratio®’:

R, == - 100% (8)

Em

where, &, is the recovered strain at the end of shape recovery process.
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Figure 3.2: Polymer workpiece undergoing biaxially pre-straining process through a set of rollers
(not shown). a) initial geometry of the workpiece at 7> Tg, b) intermediate step during rolling, c)
end of rolling and cooled to 7 < Tg, d) initial recovery process of the workpiece at 7 > Ty, ¢)

intermediate shape recovery, f) complete shape recovery.

3.3.  Results and discussion

We report the effects of processing parameters on the shape memory performance of the
polymer undergoing pre-straining via biaxial rolling. All of the analyses are performed considering
half width of the workpiece and is considered symmetric along the z-axis, as shown in Figure 3.1b.
In section 3.3.1, we report the applied strain along the biaxial direction during rolling, followed by

contact stress for a general case of rolling with frictional force in section 3.3.2. In section 3.3.3,
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we report the effects of processing parameters on shape fixity ratio in biaxial direction and finally,
in Section 3.3.4, we report the effects of heating rate on the shape recovery ratio of the pre-strained

material.

3.3.1. Biaxial strain

In this section, we report the changes in biaxial strain applied during the rolling process
analyzed according to section 3.2. For this analysis, a general rolling case with w, = 20 rpm,
change in height of workpiece, Ah = 0.55h; is considered, the temperature of the workpiece is
105°C (T > T,) and the polymer feed rate is 50mm/sec. The feed rate and the roller speed are
selected as reported in literature®*!. During the rolling process, the workpiece is compressed (in y-
axis), and following Equation 1, its width increases ( in z-axis). The length of the workpiece alters
as well; however, it is small (<1%) compared to changes in other axes. This is because the model
is not applying any force to pull on the polymer, along its longitudinal axis, during rolling. The
average strain experienced by the workpiece along the two axes during the rolling is shown in
Figure 3.3. The rolling process is normalized with the total rolling time and changes in strain in y-
axis (height of the workpiece) and z-axis (width of the workpiece) are shown in red and blue
respectively. The strain applied in y-axis shows an initial increase in compressive strain until it
reaches the maximum value of 55%, after which the workpiece exits the roller. After exiting the
roller, the polymer recovers some of the strain due to the removal of the applied load from the
roller and stays in this strain state. Similarly, the strain applied in z-axis shows an initial increase
in tensile strain until it reaches the maximum value of 108%, after which the polymer begins to
shrink in z-axis similar to that in y-axis. This is due to the fact that at temperatures slightly above

117

T,, the polymer starts to behave as a rubbery material © and undergoes a combination of

viscoelastic and elastic recovery. The computational model specifies the Poisson’s ratio to be close
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to 0.5 at this temperature, therefore any changes in strain in one direction results in almost twice

the change in another orthogonal direction.
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Figure 3.3: Biaxial strain during the rolling process along the y-axis (in red) and z-axis (in blue).
The workpiece at temperature 7" > Tg, undergoing 55% shrinkage during the rolling process
subsequently elongates its width to almost twice its original width. The polymer behaves as
rubbery material at 7> T, and the computational framework reproduce this behavior by setting

the Poisson’s ratio to be close to 0.5'7.

3.3.2. Frictional folding along the free edge

In this section, we analyze the effect of frictional force on the free edge of the workpiece
undergoing rolling process. Unlike uniform compression, rolling consists of both compressive and
shear force (produced due to friction between the roller and the workpiece) that further change the
state of the polymer during the rolling process. To study this, we run similar analysis as mentioned
in section 3.3.1 and evaluate the change in contact stress along z-axis. The contact stress on the
surface of the polymer during the rolling process is defined as the contact normal force per unit

area®. The contact stress applied on the upper surface of the workpiece, at normalized time ... is
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shown in Figure 3.4a. It shows that the stress being applied is highest at the center of the workpiece
surface and gradually decreases with increasing width. The gradual decrease in the contact stress
is explained by the combination of thickness compression and width elongation of the workpiece.
As the workpiece undergoes rolling, the material along the free edge folds in on the upper and
lower surfaces due to the frictional force applied between the roller and the polymer, as shown in

inset of Figure 3.4a.
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Figure 3.4 a) Contact stress variation along the width. The variation is caused by folding of
materials on the edge due to friction between the roller and workpiece, b) this creates an increase

in thickness along the half width. The increase in thickness and elongation of the width increases
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the effective surface area and the pressure exerted from the roller is distributed over larger area

thereby c) decreasing the contact stress.

This creates an uneven thickness distribution along the half-width of the workpiece. Figure
3.4b shows the thickness of the workpiece normalized to the minimum thickness along the half
width of the workpiece. We see about 55% increase in the thickness of the workpiece along the z-
axis due to the frictional force applied between the roller and the workpiece. The pressure exerted
by the rolls is distributed across the width of the material and with the increase in its width, the
same total force is spread over a larger area, leading to a lower pressure. The application of non-
uniform pressure with a combination of increased thickness along the width and elongation of
width itself results in a non-uniform pre-strain imparted to the material. This is therefore important

to address this issue for the uniformity of pre-straining and recovery of the SMP.

3.3.3. Effects of processing parameters on shape fixity

In this section, we analyze the effect of processing parameters such as roller speed, amount
of applied strain and polymer feed rate on the shape fixity of the pre-strained polymer. After
removing the mechanical deformation applied to the polymer during a pre-straining process, the
polymer recovers some of the applied strain. The amount of strain recovered is a measure of the
efficiency of the pre-straining process and is evaluated by shape fixity ratio (Ry) according to
Equation 7. To analyze the changes in shape fixity ratio, we conducted a parametric test by
changing rolling parameters such as roller speed and polymer feed rate one at a time while keeping
the other parameters unchanged. These parameters were selected as they either change the speed
at which the polymer deforms or speed at which the polymer recovers after exiting the roller. These
parameters change the polymer chain orientation and thereby change the efficiency of the pre-

straining process.
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We start first by analyzing the effects of roller speed on shape fixity ratio. For this analysis,
we set the amount of applied strain to 55%, polymer feed rate at Smm/sec and temperature at
105°C, similar to section 3.3.1. We evaluate the shape fixity in both orthogonal direction at the end
of the rolling step for roller speed of 1, 5, 10, 20, 40 and 60 rpm. The shape fixity for all of these
cases were between 90 and 95% in both directions. The reason for such small variations was that
even with an increase in roller speed, the amount of pre-strain applied was essentially the same

and the initial recovery after exiting the roller were similar in all conditions.

Next, we study the effects of material feed rate on shape fixity ratio. This analysis evaluates
the speed at which the material is pushed through the roller and its subsequent recovery after
exiting the roller. For this analysis, we set the amount of applied strain to 55%, roller speed at
20rpm and temperature at 105°C, similar to section 3.3.1. We evaluate the shape fixity in both
orthogonal directions at the end of the rolling step for material speed of 1, 2, 5, 10, 25, 50, and 100
mm/sec and report the average shape fixity ratio. The change in shape fixity ratio with normalized

rolling time is shown in Figure 3.5.
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Figure 3.5: Shape fixity ratio of pre-strained polymer at different feed rates. The pre-strained
polymer with higher shape fixity value, can better retain their applied strain and are efficient during

shape recovery process.

The shape fixity ratio is smaller for lower feed rate and increases with increasing feed rate
until 25 mm/sec after which the shape fixity ratio stays above fairly constant above 90%. A
decrease in material feed rate increases the amount of time the polymer stays in contact with the
roller and as a result, it gets enough time to relax and recover its applied strain after exiting the
roller, whereas the converse is true for materials fed at a higher rate. However, feed rate above 50

mm/sec does not sufficiently increase shape fixity.

3.3.4. Effects of heating rate on shape recovery

In this section, we analyze the effect of heating rate on the shape recovery ratio of the pre-
strained polymer. At the end of the pre-straining step, the polymer remains at 90°C (T < Ty). It is
then taken through a shape recovery process by increasing its temperature to 110°C (7' > Tg). The

rate at which its temperature is increased has a significant effect on how fast the polymer undergoes
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shape recovery, while the amount recovered essentially remains constant?!. For this analysis, we
pre-strain the polymer similar to the conditions mentioned in section 3.3.1. The temperature of the
polymer, after exiting the roller, is increased at various rates of 1, 2, 5, 10, 20, and 40°C/min to
110°C. The shape recovery along y-axis and z-axis for multiple heating rates is shown in Figure
3.6a and Figure 3.6b respectively. The amount of pre-strain recovered in y-axis and z-axis is the
same strain that was present at the end of the pre-straining sequence, as shown in Figure 3.3. The
slower heating rate recovers almost all of the applied pre-strain in both directions; however, it takes
longer to recover the applied pre-strain. In contrast, faster heating rate increases the temperature
quickly, but cannot recover all of the strain even when the temperature reaches 7" > Tg. A pre-

strained polymer heated above its 7 should recover its pre-strain regardless of heating rate.
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Figure 3.6: Shape recovery of applied pre-strain along a) y-axis and b) z-axis. The amount of strain
recovered in each direction is the same that was present at the end of the pre-straining step.
3.4. Conclusion

In this chapter, we investigated the biaxial pre-straining through rolling process, using a

previously developed coupled thermomechanical finite element framework. We applied the
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framework to a commercially available polystyrene and conducted a biaxial thermomechanical
rolling process to pre-strain it. This applies strain on two orthogonal directions and biaxially pre-
strains the material. We observed the amount of change in strain in both directions and found out
the decrease in thickness due to compressive force of the roller results in width and length

elongation, the latter being insignificant compared to the former.

The combined effect of frictional force, width elongation and thickness reduction results
in folding of the material on itself on the free edge and increases the effective contact surface area
of the polymer. This distributes the contact force along the surface, effectively reducing the rolling
stress throughout the rolling process. We observed an increase in shape fixity ratio with an increase
in material feed rate, but no change was observed with roller speed. Finally, the pre-strained
material is further subjected to uniform reheating to recover the applied strain in both directions

and the recovery speed of the pre-strained polymer was evaluated for multiple heating rates.

This study in biaxial pre-straining process provides an insight into various processing
parameters associated with the rolling process and the finite element framework makes it easier to
modify these parameters and evaluate the pre-straining and recovery process for a wide variety of

materials.

3.5. Future works

The future work consists of validating the model with an experimental setup. The
preliminary design consists of a 24-in slip roll combined with a variable torque electric motor,
purchased from Eastwood, as shown in Figure 3.7a and Figure 3.7b respectively. The manual crank
of the slip roller will be replaced and will be attached with the chain sprocket system as shown in

Figure 3.7c. The slip roller will have an adjustable height to vary the amount of thickness during
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the rolling process. The slip roll will rest on T-slots and the motor (green solid, as shown in Figure
3.7¢) is attached on a plate which is attached to the T-slots. The motor transfers its torque to the
roller through a chain sprocket system which helps regulate the roller speed. The roller will be
heated through a modified oven and the polymer, while exiting the roller, will be immediately
cooled using a water bath. The pre-strained polymer will be reheated uniformly, and the shape

recovery process will be analyzed for multiple polymers.

Figure 3.7: Experimental setup for biaxial pre-straining using a) slip roll*> and b) a high torque DC
motor*? purchased from Eastwood. ¢) The motor and the roller shafts are connected with a chain

sprocket system thus allowing the roller for variable roller speed.
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Chapter 4
Coupled electro-thermo-mechanical modeling of shape memory polymers
(Siwakoti, M., and Mailen, R.W., “Coupled Electro-Thermo-Mechanical Modeling of Shape
Memory Polymers”, Proceedings of Smart Materials, Adaptive Structures and Intelligent

Systems (SMASIS), 2019, DOI: https://doi.org/10.1115/SMASIS2019-5693)

Abstract

Shape memory polymers (SMPs) are extensively studied for self-folding origami due to
their large strain recovery, low cost, and low activation energy. SMPs utilize viscoelastic material
behavior to change shape in response to an applied stimulus, for instance light or electricity.
Electrical actuation is desirable due to its higher energy density and shorter response time. Previous
studies reported empirical results on shape recovery of conductive polymer composites actuated
by specific applied voltage or current conditions, which required rigorous experimentation. Here,
we introduce a finite element framework capable of predicting the coupled electro-thermo-
mechanical response of electrically actuated SMPs. As inputs, this framework requires material
properties, such as electrical conductivity and viscoelastic parameters. The viscoelastic response
is implemented using a Prony series model that is fit to experimental dynamic mechanical analysis
(DMA) data. Using this framework, we predict the shape recovery behavior of electrically actuated
SMPs subject to various thermal, electrical, and mechanical loads and evaluate the sensitivity of
the response to the material properties. Additionally, we show the effects of material pre-straining
conditions and localized conductive pathways on shape recovery and self-folding. This
computational framework provides a fundamental understanding of the electro-thermo-mechanical
response of electrically actuated SMPs and can be used to design electrically actuated self-folding

origami for aerospace applications.
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4.1. Introduction

Shape memory polymers (SMPs) are an emerging class of materials with applications in
adaptive sensors', self-deploying structures®, heat-shrinking tubes®, and medical implants for
treatment of aneurisms®*. SMPs possess the ability to change shape in response to external stimuli,
such as heat’”, light®* ', and electricity'!'*. One important application of SMPs is as an actuator
for self-folding, wherein the material deforms out-of-plane in response to the provided stimuli.

Self-folding in response to external stimuli can result from material property gradients'®!s,

1617 and localized activation®!®!”, Localized activation provides a route for

material stacking
obtaining complex 3D structures®?° and allows the use of sequential folding®2!*2, The self-folding
response depends on the viscoelastic property of the material>>**. Furthermore, the material must
be pre-strained, i.e., deformed to a temporary state, in order to obtain the folding response®-°.
Being able to control the self-folding response of the material to a variety of stimuli is paramount
to adapting SMPs to practical applications.

We seek to develop a fundamental understanding of the response of locally activated SMP
sheets subjected various external stimuli. Localized activation of the shape memory effect provides
an efficient technique for initiation of self-folding and is advantageous due to its compatibility
with various actuation stimuli like light>!'?, humidity?’, and electricity!®*. For example, ink
patterned as a hinge on the surface of the SMP has been demonstrated to absorb energy locally
when exposed to an infrared (IR) light, which induces folding®**. When the patterned sample is
uniformly exposed to an IR light, the upper surface of the hinge heats up and a temperature gradient
develops along the thickness of the sheet. The temperature gradient in turn produces a shrinkage

gradient along the thickness of the sheet, which causes the sheet to fold. Previous studies on various

actuation methods, e.g., light, heat, and humidity, concluded that the size of the hinge'®3, and the
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support temperature?® play important roles in determining the folding behavior. Further, a
computational model that predicts the self-folding response to local light absorption has been
validated against experimental results”'s.

Recent studies have focused on electrical actuation of the shape memory effect, also known
as Joule-heating. The Joule-heating approach converts electric current to thermal energy efficiently
in electrically conductive materials®!. Typically, SMPs are electrically insulating, but can be made
conducting by the incorporation of conducting fillers like carbon black!?3233  carbon
nanotubes®***, Nickel**-*>, and short carbon fibers!!*. Although electrically activated self-folding

has been demonstrated experimentally®®3¢

, a finite element (FE) framework capable of predicting
the material response is missing. To address this need, we develop a nonlinear, 3D FE framework,
which couples the electrical, thermal, and mechanical solutions to study the uniform shrinking (in-
plane) and folding (out-of-plane) response of Joule heated SMP sheets. The framework introduced
here is based on a previous framework for light stimulated SMP sheets, developed by the authors'®.
In the framework, we account for the temperature dependency of the material properties,
viscoelasticity, thermal expansion, and electrical conductivity of an SMP embedded with locally
patterned conducting fillers.

This chapter is arranged as follows. First, we introduce the FE framework, which combines
the viscoelastic, mechanical, and electrical properties of the material in conjunction with the input
boundary conditions. Then we apply the framework to a model which accounts for the material
pre-straining sequence. Using this model, we study the uniform shrinking of conductive SMP
sheets, which heat uniformly when subjected to electric boundary conditions. Finally, we

investigate parametrically the effects of applied voltage, electrical conductivity, and hinge width

on the self-folding behavior of the SMP.
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4.2. Computational approach

We developed a nonlinear, 3D FE framework to study the self-folding response of
electrically activated SMP sheets. The framework couples thermal, mechanical, and electrical
solutions. An experimentally obtained viscoelastic master curve is modeled by a Prony series'®,
which requires dimensionless relaxation moduli, gi, and relaxation times, z;, to calculate the storage

modulus, G, and loss modulus, G"*’, according to the relations:

, 9i @nwt;)?
G'(w) = Go(1 = Xiz19) + Go Xiey 1+ 2rory)? (D)
" _ n 9iQrwrt;)
G (w) = Go Zi:l 1+ rwt;)? 2)
_ Gll(w)
tand = @) 3)

where Go is the instantaneous shear modulus, w is the frequency in Hz and ¢ is the phase

angle, which indicates the amount of energy dissipated.

The relaxation times are temperature dependent and is updated for the viscoelastic material

model as the temperature changes using the WLF equation’® as:

¢y (T-Tg)
h Co+ (T-Ty)

log(ar) = 4)

where, ar is the shift factor for the time and temperature dependent properties, C; and C2
are constants, 7 is the temperature and 7 is the glass transition temperature. For polystyrene, the
values of C;=17.44; C>=51.6 and T, = 103°C was used®. The WLF equation was used to update

the relaxation times, 7;, for the viscoelastic material model as the temperatures change.

The thermal solution in the framework accounts for electrically induced Joule heating. The

Joule-heating heat flux, ¢;, which results from electrical resistive heating, was calculated as’’:
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Gy=J-E= Vo - a" Vo (5)

where, ] = — af - Vo is the electric current density (current per unit area) entering the
control volume, o is the electrical conductivity matrix, ¢ is the electrical potential and E = —V¢
is the electric field intensity. Equation (5) represents a heat source term produced from the Joule

heating and contributes additively to the heat equation as

Ge = q] + q. (6)
T .
pCy3e— V- (KVT) = g, (7
where, ¢, and g, represent the total heat flux and heat flux from external sources, e.g.,

convection, respectively. The variables p, Cp and k are the density, specific heat and thermal

conductivity of the material respectively.

4.3. Results and Discussion

4.3.1. Pre-straining sequence

We applied the FE framework to model the coupled electro-thermo-mechanical response
with hybrid, 3D, eight-node, trilinear brick elements. We used previously published material data
for a commercially available polystyrene based SMP sheet known as Grafix® shrink film in our
framework '8, We used the FE framework to study two cases: (1) uniform shrinking recovery and
(2) localized folding recovery. Both models are subjected to a pre-strain sequence before applying
boundary conditions for material recovery. For the uniform shrinking case, the material shrank
from the pre-strained state when Joule heated above T%. For the folding case, a localized current is

applied along the hinge, that heat the material, causing it to shrink locally and fold along the hinge.
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Figure 4.1: Pre-straining sequence. (a) Step-by-step application of thermomechanical boundary
conditions. Blue: Elevated temperature, Red: Compression, Green: Cooling, Broken magenta:

Recovery. (b) Pre-strain percent imparted on the sample for various compression times.

We subjected the material to a thermal and mechanical loading sequence to impart pre-
strain to the material before the recovery process. This loading sequence and boundary conditions
are illustrated in Figure 4.1a. We heat the material at an initial temperature of 108°C specified
uniformly throughout the model. The model was then compressed along the thickness of the sheet
with a compressive displacement boundary condition. This compression imparts strains in both
directions in the transverse plane. The initial temperature and the displacement used were similar
to those used in previous experimental studies of the Grafix® SMPs'8, and are representative of
the actual SMP pre-straining conditions. Following the compression, we linearly decrease the
surface temperature on the top and bottom surfaces of the SMP from 108°C to 25°C using a
specified temperature boundary condition, which reduces the temperature throughout the model.

As a final step, we remove the compressive displacement.
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We performed an initial investigation of the effects of compression time on the pre-strain
imparted to the sample shown in the inset of Figure 4.1b. The pre-strain is measured after removal
of the compressive displacement boundary condition at the end of the pre-strain sequence and the
results are shown in Figure 4.1b. These results indicate that increasing the compression time
increases the amount of pre-strain imparted to the material. For the remainder of this chapter, we
will use a compression time of 12 seconds, which corresponds to a pre-strain of 110%. Following
the pre-straining sequence, we applied the recovery boundary conditions depending on the desired

type of recovery (shrinking or folding).

4.3.2. Uniform shrinking

Following the pre-strain sequence, we study the uniform shrinking recovery of electrically
activated SMP sheets. The geometry is shown in Figure 4.2a, and applied boundary conditions for
the pre-straining sequence are shown in Figure 4.2b. Joule heating was achieved by applying an
electric voltage on two ends of the sample in its pre-strained state as shown in Figure 4.2c. The

percent shrinkage of the material as a function of time was calculated as'®:

() = (1 - @) x 100% )

Ip
where I, is the pre-strained length and /(?) is the instantaneous length of the sample during uniform

shrinking.
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Figure 4.2: Uniform Shrinking Model. (a) Shrinking model depicting mesh. Labels specify the
dimensions of the sample before pre-strain. X = 50 mm (75 elements), Y = 10 mm (30 elements)
and Z =1 mm (10 elements). (b) Mechanical boundary condition during pre-straining sequence.

(c) Electrical boundary condition during recovery sequence.

Figure 4.3a shows the temperature histories of the samples subjected to 10, 50, 75, 85, 95
and 100 volts of potential difference. The voltages were applied after the sample was pre-strained
and were applied separately for each sample. The temperature histories displayed represent the
average nodal temperature throughout the sample. As expected, the heating rate depends on the
applied voltage for a fixed electrical conductivity value, with higher voltages producing faster
heating. The results show an initial linear increase in temperature which results from the
conversion of electrical energy to thermal energy. The material shrinkage histories are shown in
Figure 4.3b. The sample expands initially due to thermal expansion but begins to shrink due to the
greater effect of viscoelastic recovery as the temperature approaches and exceeds 7g. The
maximum shrinkage is 52% using the previously described pre-straining sequence. This maximum

shrinkage is similar to commercially available SMP sheets'®. The material does not begin to shrink
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instantaneously after applying the voltage. Rather, the time to begin shrinking depended on the
applied voltage. Noticeable shrinking occurred when the material exceeded a threshold
temperature of 108°C. This temperature is reasonable as it is above 7g (=103°C) of the sample.
These results verify our pre-straining approach and the use of Joule-heating to induce shape
recovery. Furthermore, the results indicate that increasing the applied voltage results in faster

shrinkage only after a threshold temperature is exceeded.
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Figure 4.3: Computed results for different voltages applied in the recovery sequence of uniformly

shrinking model. (a) Average nodal temperature of the sample. (b) Corresponding amount of

shrinkage.

4.3.3. Localized folding

We modeled the localized folding recovery by introducing a conductive pathway (hinge)
along the width of the sample Figure 4.4a. The hinge region is representative of locally patterned
conductive filler in the SMP matrix. As a result, the hinge has an electrical conductivity value
higher than its surrounding material. We imposed mechanical boundary conditions to avoid rigid

body motion during pre-straining sequence Figure 4.4b. After the pre-strain sequence, we applied
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an electrical boundary condition along the length of the hinge, as shown in Figure 4.4c. Application
of this voltage causes the conductive region of the material to heat locally, which produces a
localized temperature increase in the vicinity of the hinge. This increase in temperature is sufficient
to initiate localized shrinking of the sample. Due to the gradient in temperature and shrinkage, the
material folds similar to experimental results for self-folding SMP sheets activated by local light

absorption”8,
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Figure 4.4: Localized Folding Model. (a) Geometry of the folding model. The overall dimensions
are the same as in uniform shrinking geometry. Labels specify the length of the regions. X1 = Xa
= 25 elements and hinge width (w) = 20 elements. (b) Mechanical boundary condition during pre-

straining sequence. (c) Electrical boundary condition during recovery sequence.

Figure 4.5a shows the average hinge temperature and corresponding bending angle for 1,
1.5, 2, 2.5 mm hinge widths at a total potential difference of 20V and an electrical conductivity of
1000 S/m. The specified hinge widths were obtained before pre-straining the sample. The

temperature displayed represents the average nodal temperature of the top surface of the hinge. We
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note that the average hinge temperature is the same for all hinge widths. The results for bending
angle, a», which is the angle subtended by the sheet as it folds, are shown in Figure 4.5b. For
clarity, the image inset in Figure 4.5b depicts the definition of a». In general, the results indicate
an increase in maximum bending angle for increasing hinge widths. This is because the applied
voltage works over a wider cross-section area for wider hinges, thus activating more material.
Furthermore, the results show that there is a certain time lag between the application of the voltage
and initiation of the folding for all hinges. The time lag suggests the gradual development of
temperature and shrinkage gradients through the thickness of the sheet, which was reported in

previous studies”'®.
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Figure 4.5: Computed results for localized folding at 20V potential difference for various hinge
widths. (a) Average nodal temperature on the upper surface of the hinge. Note, the temperature
profile is almost the same for various hinges. (b) Corresponding bending angles (a») during local

folding.

Next, we investigate the effects of electrical conductivity on hinge temperature and bending

angle. Figure 4.6a demonstrates the effects of varying electrical conductivity on the hinge
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temperature of the sample with an applied potential difference of 15V and a 1.5 mm hinge width.
Increasing electrical conductivity results in faster heating in the hinge region. The results for
bending angle, shown in Figure 4.6b, indicate that increasing the conductivity produces a larger
maximum bending angle. The simulations were terminated if the bending angle exceeded 180° due
to contact of the folding faces. Moreover, the rate of folding increases while the time lag between
the application of voltage and initiation of folding decreases for increasing conductivity. This is
expected as the increased electrical conductivity facilitates the conversion of electrical energy to

thermal energy much faster.
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Figure 4.6: Predicted folding results at 15V potential difference, 1.5 mm wide hinge for various
electrical conductivity of the sample. (a) The temperature variation at different conductivity. (b)

Corresponding bending angles (a»)

Finally, we investigate the effects of applied voltage on folding by considering applied
potential differences of 15, 20, 25V on a sample with a 1.5 mm hinge width and 1000 S/m
conductivity. Figure 4.7a shows the temperature histories for varying applied voltages, and Figure
4.7b shows the corresponding bending angle. It is seen that while the folding rate remains fairly

similar at all voltages, the time lag is reduced for increased applied voltages. The thermal

77



conductivity of the material controls the temperature gradient through the thickness of the sheet,
which influences the folding rate. Changes in thermal conductivity were not considered in the

present study.
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Figure 4.7: Predicted folding results at electrical conductivity of 1000 S/m, 1.5 mm wide hinge for
various potential difference applied to the sample. (a) The temperature variation resulting from

different applied voltages. (b) Corresponding bending angles (a»)

4.4. Conclusion

We developed a three-dimensional finite element framework capable of predicting the
electro-thermo-mechanical response of SMPs containing a conductive filler. The viscoelastic
material properties were based on previously published rheological data but can be applied to other
thermally activated systems. We applied the model to commercially available SMPs, embedded
with conductive fillers, and subjected the model to various electro-thermo-mechanical boundary
conditions. We used the model to investigate the shrinking behavior to different potential
differences and the self-folding behavior of the SMP to varying voltages, conductivity, and hinge

width.
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In the uniform shrinking model, we observed an increase in heating rate at higher applied voltages,
which allowed the sample to heat and shrink faster. The polymer must be heated above a critical
temperature for shrinking to occur, which for this system was 108°C. In the folding model we
observed an increase in maximum bending angle and rate of folding for wider hinge widths and
higher electrical conductivity values. Also, the onset of folding time was reduced at higher applied
voltages, wider hinge widths, and for highly conducting sample. For folding to occur a critical
surface temperature must be exceeded, similar to the shrinking behavior. Our computational
approach provides a fundamental understanding of the Joule-heated self-folding of an SMP. The
finite element framework makes it easier to modify material property data to evaluate the effects
on self-folding. Furthermore, the model provides an insight to shape recovery and self-folding

behavior, which is vital in predicting complex origami geometries.
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Chapter 5
Relationship between recovered enthalpy and the shape-memory effect in shape memory
polymers
(Siwakoti, M., and Mailen, R.W., “Relationship between recovered enthalpy and the shape-
memory effect in shape memory polymers”, Journal of Applied Polymer Science, 2023, DOI:

https://doi.org/10.1002/app.54727)

Abstract

SMPs maintain a temporary shape after pre-straining, wherein the polymer chains are
constrained in a non-equilibrium thermodynamic state. Physical aging lowers the chain
conformational energy, which affects the mechanical properties. Herein, we investigate the
relationship between physical aging and the shape recovery of SMP sheets, whereas both processes
involve motion of polymer chains. We induce conformational changes to polymer chains either by
physical aging or via a thermomechanical pre-straining process. We then quantify structural
relaxation via recovered enthalpy measurements using modulated differential scanning calorimetry
(MDSC), and the shape recovery performance using dynamic mechanical analysis (DMA). We
vary pre-straining holding time, amount, and rate and observe the relationship between physical
aging, recovered enthalpy, and the shape recovery performance. The results indicate that an
increase in recovered enthalpy correlates with an increase in characteristic shape recovery time.
Further, a maximum decrease in recovery time of 65% is observed at the highest strain rate, and
only small amounts of recovered enthalpy occur for aging times longer than 16 hours. The results
provide insight into the relationship between physical aging and its effects on shape memory,

which is important for applications requiring storage for long durations.

&5



5.1. Introduction
Shape memory polymers (SMPs)!~* are promising materials for deployable structures using

concepts like self-folding origami.* Benefits of SMPs include their large recoverable strain®’,

simple pre-straining process®’ and variety of external stimuli available to initiate shape change.'%!!
SMPs can retain a temporary shape following a thermomechanical pre-strain sequence and recover
their original shape upon the application of external stimuli, such as heat, electromagnetic waves
and electricity.'®!? Pre-straining consists of a series of steps wherein the material is deformed at
an elevated temperature (usually above the glass transition temperature, 7 for amorphous polymer
or the melting temperature 7 for semi-crystalline polymers), rapidly cooled below 7, and released
in the temporary shape.'? Pre-straining imparts temporary conformations to the polymer chains,
manifesting as a residual strain in the bulk material. These temporary conformations are in a
thermodynamically non-equilibrium state as the polymer chains are inhibited from rearranging to
an equilibrium state due to interactions with neighboring chains, thereby preventing shape
recovery.

Pre-strained SMPs are usually stored at temperatures much lower than 7 for potentially
long times before their intended end use. During this time, the polymer chains experience a

1314 wherein the higher energy polymer

structural relaxation process, also known as physical aging
chains slowly approach equilibrium through chain relaxation. During physical aging, non-
equilibrium thermodynamic variables, such as enthalpy, entropy, and specific volume decrease
monotonically and approach equilibrium.!>!® These changes occur due to localized changes in
polymer chain conformations, which leads to reduced free volume and chain stiffening.'*!"-"

Aging can cause undesired changes to material properties like decreased toughness and increased

brittleness.?’2? In addition, physical aging can cause changes to the characteristic relaxation time
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of the polymer.'>? Unlike the irreversible processes of chemical?*?* and hydrothermal aging®®?’,

physical aging can be reversed through thermal rejuvenation mechanisms like super-Tg
reheating.”®* During thermal rejuvenation, the polymer chains are brought to an equilibrium state
with their surrounding by raising their temperature above 7¢ and any previous effects of aging and
mechanical loading are erased.*

It is predicted that physical aging will also affect the shape recovery performance of SMPs.

Previous studies primarily have focused on the effects of naturally occurring physical aging

30,31 15,20,32

processes” ", kinetics, and thermodynamics of aging on conventional polymers in the
absence of a pre-strain sequence. Aging is a relatively slow process, and the material potentially
requires a long time to reach its thermodynamic equilibrium, sometimes even millions of years.?!
Recovered enthalpy, one of the thermodynamic variables to measure the extent of aging, has been
shown to be largely dependent on the thermal history applied to the polymer, such as aging time,
aging temperature, and cooling rate.'*>**3* Although physical aging has been shown to change the
shape recovery performance of an SMP?>%, the effects of pre-straining on thermodynamic
properties, such as recovered enthalpy, were not considered. Further a correlation between physical
aging and the shape memory response, i.e., thermally and mechanically induced changes in chain
conformations, has not been systematically studied.

In this chapter, we investigate the relationship between physical aging and the shape
memory effect for polystyrene (PS) based SMP using dynamic mechanical analysis (DMA )%’
and modulated differential scanning calorimetry (MDSC).*"*¢ Amorphous PS SMP is selected for
its low cost, availability, recyclability, and ease of processing. We start by thermally characterizing

unaged PS using DSC then pre-strain the material in a DMA. Pre-straining induces a non-

equilibrium state in the polymer chains, which evolves as the material relaxes. We quantify this
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effect using MDSC. Finally, we conduct a free-recovery experiment, where the material is allowed
to recover its pre-strain without the influence of external force. During free recovery, we measure
the performance of the SMP through its characteristic recovery time. These results help us quantify
the effects of physically induced aging in the shape recovery performance of SMPs, which in turn
provides insight into the processing conditions of the polymer and how those conditions affect

their performance.

5.2. Material and methods

Our experimental approach involves an initial characterization of the polystyrene through
Fourier transform infrared spectroscopy (FTIR), DSC and DMA, followed by physical aging and
pre-straining of polystyrene SMP samples. Changes in the physical and thermodynamic properties
due to physical aging and pre-straining are further evaluated through FTIR, MDSC, and DMA as

described below.

5.2.1. Sample preparation and initial characterization

The material used in this study is white, 1.5 mm thick amorphous PS sheet, which was
purchased from McMaster-Carr and is used in its as-received condition. This material has a number
averaged molecular weight of 165000 gm mol™' as measured by gel permeation chromatography
(GPC), which is well above the entanglement molecular weight of 12960-14470 gm mol™ as
reported in literature.® In thermoplastic shape memory polymers, physical entanglements act as
anchoring sites to facilitate the shape recovery process. Contrast this with chemical crosslinks in
thermosetting SMPs. Amorphous thermoplastic PS offers a low-cost and recyclable SMP with an
activation temperature significantly above room temperature, which prevents unintentional

activation. The PS sheet was cut into a dog-bone shape, using a COz laser. The overall dimension
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of the sample was 44 x 10 x 1.5 mm. The gage section was 15 x 4 mm. The following

characterization techniques were utilized to determine the baseline properties of the sample.

5.2.1.1. Fourier transform infrared (FTIR) spectroscopy

FTIR analysis was performed on the sample using a Nicolet 6700 spectrometer. The FTIR
test was carried out in the spectrum of 400 cm™ to 4000 cm™! wavenumbers (25 pm to 2.5 um
wavelength respectively), at 64 scans per spectrum and spectral resolution of 2 cm™!. The tests
were carried out at room temperature, and an average of three scans were considered for each

sample.

5.2.1.2. Differential scanning calorimetry

The Ty was measured using a TA Instruments DSC25. A PS sample (mass = 11.85mg) was
subjected to a heat-cool-heat cycle from 40°C to 150°C at a heating and cooling rate of 5°C
min!. The glass transition temperature was measured to be 99.4°C using the midpoint of the
change in heat flow during the second heating cycle. This agrees with other measured values of Ty

for PS SMP from literature.'

5.2.1.3. Dynamic mechanical analysis (DMA)

The viscoelastic properties of PS samples were analyzed using a TA Instruments Discovery
HR20 multidrive rheometer through a temperature ramp procedure using a torsion clamp. An ETC
is used to control the temperature above ambient throughout the test. The sample was ramped from
80°C to 140°C at a heating rate of 5°C min™'. A fixed angular frequency of 1 rad sec’! was used.
These results indicate how the viscoelastic properties of the material vary through the glass
transition and are important in understanding the shape recovery response of the amorphous

polymer.
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5.2.2. Physical aging

A set of the dog-bone samples described in Section 5.2.1 were thermally aged at 90°C (7g
-10°C) for various durations in a VWR gravity convection oven. The aging time ranged from 1
hour to 720 hours (30 days). After specific periods of time, individual samples were removed from
the oven and characterized. The FTIR spectroscopy and viscoelastic characterization are
performed following the procedure mentioned in Section 5.2.1.1 and 5.2.1.3 respectively.
However, the calorimetric analysis requires a decomposition of the overlapping signals for glass
transition and recovered enthalpy thermal events. For this, the calorimetric analysis is done using
amodulated DSC (MDSC) technique. MDSC decomposes the total heat flow signal (received from

DSC) into two signals: reversing and non-reversing according to the following relation:*

dQ dar
== G+ f(T,D) (1)

where, dQ/dt is the total heat flow, C, is specific heat capacity, and d7/dt is the measured
heating rate, which contains both linear and modulated temperature components. The term C, d7/dt
is the reversing component of the heat flow, and f{7,¢) is the non-reversing component of the heat

4041 35 shown

flow, calculated as the difference between the total heat flow and reversing heat flow
in Figure 5.1a. The reversing heat flow signal represents any changes due to specific heat capacity,

such as glass transition, and the non-reversing heat flow signal quantifies all other changes, such

as recovered enthalpy.
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Figure 5.1: a) Example MDSC results where Tg and recovered enthalpy signals are separated
through an MDSC test by separating total heat flow into reversing and non-reversing components.
b) The changes in specific heat capacities of aged (red) and rejuvenated (blue) samples are used to

calculate recovered enthalpy

In the MDSC characterization, the temperature was ramped from 40°C to 150°C at 5°C
min™!' with a sinusoidal amplitude of 0.796°C and a 60 sec period.** After the initial heating ramp,
the sample was held at 150°C for 10 mins to thermally rejuvenate, i.e., anneal, the sample. The
sample was then cooled to the initial temperature of 50°C at 5°C min™'. One more heating ramp
with the same condition as the first ramp was applied to the thermally rejuvenated sample for
recovered enthalpy measurement. Recovered enthalpy can be calculated from the two heating

cycles according to:*

BHo = [ (c;‘ged(T) - C;ef””(T)) dT )

where, Cp?¢¢ and C,"9" are the heat capacity values of the aged and rejuvenated sample
respectively. 77 and 7> are temperatures far below and above 7g. The graphical interpretation of
this equation is presented in Figure 5.1b. The recovered enthalpy was measured by calculating the
difference in the area under the curve of aged and rejuvenated heating cycles.
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5.2.3. Thermomechanical processing

The unaged samples were subjected to a thermomechanical pre-straining sequence using a
TA Instruments Discovery HR20 multidrive rheometer with DMA mode. A tension fixture was
used for mechanical loading and an environmental test chamber (ETC) was used to control

temperature.

5.2.3.1. Pre-straining sequence

The thermomechanical loading sequence followed a typical pre-straining procedure shown
in Figure 5.2a. First, the temperature was ramped to 110°C, followed by an isotherm for 180
seconds. Then a tensile strain (&,,) was applied at a constant strain rate (¢), followed by cooling
the test cell to 90°C at 5°C min™! while holding the strain constant. The temperature and strain
were held for a specific time (t,;4), i.e., physical aging at 90°C. The material contracts to g,
following removal of the mechanical load. The efficiency of pre-straining sequence is calculated

through shape fixity (Ry) according to the relation:*

Rr =% -100% (3)

Em
To observe the effects of pre-straining variables, the applied pre-strain (&,,,), pre-strain rate

(€) and holding time (t,;4) Were varied individually while keeping the other parameters constant.

The pre-straining sequence was applied to samples for two different experiments. In the
first group, the pre-strained samples were cooled to room temperature, removed from the DMA,
and a portion of the strained region was collected. From this portion of the sample, we measured
the recovered enthalpy for variations on the pre-straining conditions, such as applied strain, strain
rate and holding time, following the procedure described in Section 5.2.2. Samples from the second
group were kept in the DMA and subjected to shape recovery test after the pre-straining sequence,

as described in Section 5.2.3.2.

92



Pre-strain Recovery 1
< T—
; e
Zos
g — ——Experiment
® 5 o6kt Curve fitted
-4 -
£
2 T 04}
E
=
o
Z0.2¢
t, Time t

Figure 5.2: a) Thermomechanical loading depicting pre-straining and recovery sequences. Red and
blue represents temperature and strain respectively during each procedure and the variables ¢, €
and ty,;q are varied individually to observe their effects on shape recovery performance. b)
Representative normalized results of the shape recovery process from ti to t2 approximated with

an exponential fit (Equation 3)

5.2.3.2. Shape recovery test

A set of pre-strained samples was subjected to a free-recovery test, wherein the samples
were allowed to recover freely from time ¢ = ¢#; to ¢ = ¢2 in the DMA under zero-load condition as
shown in Figure 5.2a. After pre-straining, the axial force in the sample was set to 0 N +/- 0.1 N.
The temperature was then ramped linearly from 90°C to 110°C at a rate of 5°C min™! and held for
an hour while the recovery strain was recorded. The recovery strain follows the blue line of the
recovery section in Figure 5.2a. The recovery strain normalized with the unloaded strain (g/¢,,)
were analyzed to determine a single characteristic recovery time, 7, associated with the sample

during shape recovery, cf. Figure 5.2b using an exponential fit as:

f—A+<(B—A)~(1—e‘5)> @)

u
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where, the variables A and B are the normalized instantaneous and long-term strains and T
is used to evaluate the speed of recovery. A lower value of 7 corresponds to faster recovery of the
sample. The efficiency of the recovery process is calculated through shape recovery (R,) according

to the relation:**

R, =" . 100% (5)

&m
5.3.  Results and discussion
We report the effects of physical aging on the unstrained polymers via FTIR analysis,
followed by characterizing changes in thermodynamic and viscoelastic properties in Section 5.3.1.
In Section , we report the effects of pre-straining on recovered enthalpy, evaluate the shape
recovery performance of the pre-strained samples using DMA, and relate changes in shape

memory performance to recovered enthalpy.

5.3.1. Effects of aging through thermal load

In this section, we report the results from analysis performed according to Sections 5.2.1
through 5.2.3. The changes in various material structure and conformation are reported through
FTIR, calorimetric and thermodynamic changes are reported through DSC, and viscoelastic

changes are reported using DMA.

5.3.1.1. FTIR spectroscopy

We performed FTIR analysis of unaged and aged PS samples to evaluate conformational
changes of the polymer chains due to physical aging. Noteworthy FTIR peaks, cf. Figure 5.3
(inset), include the band at 536 cm™, which is assigned to the conformationally sensitive out-of-
plane deformation of the phenyl ring, and the band at 1451 cm™', which is assigned to the

conformationally insensitive CHz bend of the polymer chain.*’
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Figure 5.3: Results from FTIR analysis of PS sample. Inset: noteworthy peaks at 536 c¢cm’,!
representing absorption of conformationally sensitive out-of-plane deformation of the phenyl ring,
and at 1451 cm! representing the conformationally insensitive CHz bend of the polymer chain.
The dots in the main plot represent the normalized intensity of these peaks for various aging time

(0 to 720 hours)

Figure 5.3 shows the change in intensity of the peak at 536 cm™! normalized by the peak at
1451 cm™! with increasing aging time. The increase in normalized intensity relates to an increase
in the number of phenyl rings that have transitioned to lower-energy conformations during longer
aging durations. This relates to physical aging, wherein the polymer chains approach equilibrium
by transitioning from high-energy (trans-gauche conformation) to low-energy (trans-trans

conformation).'$46

5.3.1.2. Calorimetric changes in thermally aged samples

The calorimetric changes of aged samples were analyzed using DSC and compared with
an unaged sample following the process described in Section 5.2.2. Figure 5.4a shows the variation
in the heat flow signal for the aged samples. In this plot, an increasingly larger endothermic peak

in the normalized heat flow near 7y (~100°C) represents an energy barrier (requirement of
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additional heat) to heat the material beyond 7,. The endothermic peak is observed to increase
significantly with increased aging time as aging allows the polymer chains to relax into lower

energy conformations.
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Figure 5.4: a) DSC thermogram showing the amount of heat required to increase the temperature

of samples aged at 90°C. b) Recovered enthalpy of polymer samples aged up to 30 days.

The transition to a lower energy conformation creates an additional energy barrier that must
be overcome to increase the temperature of the aged sample beyond its 7g. In addition, a small
change in glass transition temperature (using the midpoint method), from 99.4°C to 100.6°C, is
observed with increasing aging time. This shift is related to the increasing endothermic peak.
Figure 5.4b shows the variation in recovered enthalpy of polymer samples aged for up to 30 days.
The non-linear growth of recovered enthalpy with increasing aging time relates to the structural
relaxation of polymer chains during the aging process, where conformational energy is lost as the
chains approach thermodynamic equilibrium at a constant temperature (7" < Tg). The abrupt
increase in recovered enthalpy with aging time between 0.5 hours and 12 hours indicates a higher

number of polymer chains relaxing to a lower energy conformation. However, at longer aging
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time, the number of polymer chains attaining lower energy configurations saturates and we see

very small change in recovered enthalpy with aging time beyond 12 hours at 90°C.

5.3.1.3. Viscoelastic characterization:

The viscoelastic properties of the progressively aged samples are evaluated using DMA.
In this analysis of physically aged samples, increased aging time results in structural relaxation of
the individual chains, which affects thermodynamic and thermomechanical properties of the
polymer. Figure 5.5a shows the storage modulus of samples aged up to 720 hours (30 days). Figure
5.5b shows the changes in loss modulus and Figure 5.5¢ shows the changes in tan § and the glass
transition temperature (peak in tan §) with aging time. The change in glass transition temperature
according to DMA is small, ranging from 113.13°C to 115.73°C, but has a similar trend to what
was observed from DSC. This is explained through the reduction of free volume of the polymer

chain during aging'*!>!?

, which results in lower mobility and thus stiffening of the polymer chains
and a delay in glass transition. The trend of increasing storage modulus due to aging was reported
previously.3®4748 It is also observed that tan § increases with aging time. Previous studies have

discussed the increase in tan§ to represent increased damping in the polymer.*>* This is

counterintuitive to what is expected as typically damping decreases as stiffness increases.
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Figure 5.5: Changes in viscoelastic properties reported by a) storage modulus, b) loss modulus and

c) tan d.

We hypothesize that the changes in loss modulus and tan § arise from the chains in the
aged polymer being in lower energy conformations, thus offering an ability to absorb more energy
by transitioning to higher energy conformations during glass transition. We note here that 7g
measured by DMA typically is higher than that by DSC. We also note that the most significant
changes in viscoelastic properties occur for samples aged up to 12 hours, and beyond 12 hours of
aging, the properties remain constant. This is consistent with the recovered enthalpy results
reported in the previous section.
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5.3.2. Effects of pre-strain on recovered enthalpy and shape recovery

Next, we report the changes in the thermodynamic state, quantified by recovered enthalpy,
of a pre-strained polymer subjected to changes in pre-straining parameters such as holding time,
applied strain, and strain rate. This analysis is done after taking the sample out of the DMA at the
end of pre-straining sequence and evaluating the pre-strained region of the sample using MDSC
as described in Section 5.2.2. Separately, we characterize the shape-recovery performance of
similarly pre-strained samples using DMA, as described in Section 5.2.3.2. Herein, we have not
attempted to optimize the pre-strain processing conditions. Rather, we focus on the effects of pre-
straining conditions on the recovered enthalpy and how this relates to shape recovery. However,
the shape fixity and shape recovery ratios for all samples were above 90% and are shown in Figure

S5.7.

5.3.2.1. Effects of holding time

Figure 5.6a shows the recovered enthalpy (in red) and the characteristic recovery time (in
blue) of pre-strained samples with varying holding times at 90°C . This is equivalent to aging the
material for up to 16 hours. The upper limit of 16 hours was due to the limit set by the equipment.
It is observed that holding time has a significant effect on recovered enthalpy between 5 minutes
(0.083 hours) and 360 minutes (6 hours). The change in holding time has a similar effect on
recovered enthalpy as that of physical aging, cf. Figure 5.4b and Figure 5.6a, and is attributed to
changes in chain conformations to lower-energy states. In addition, structural relaxation slows
down at longer times as evidence of almost constant recovered enthalpy beyond a certain time in
both processes. This structural relaxation also increases the characteristic recovery time during the

shape recovery test, indicating a 25% increase across 16 hours, cf. Figure 5.6a.
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Figure 5.6: Changes in thermodynamic and shape recovery performance parameters considering
different pre-straining conditions. Changes in recovered enthalpy (in red) and characteristic

recovery time (in blue) are shown for different a) holding time, b) applied strain and c) strain rate.

5.3.2.2. Effects of applied pre-strain

Figure 5.6b shows the recovered enthalpy and the characteristic recovery time of samples
with varying amounts of pre-strain . The recovered enthalpy and the characteristic recovery time
are seen to increase monotonically with increasing strain amount. Polymer chains experiencing
higher amounts of pre-strain become more mechanically aligned, and individual segments rotate

to reduce the overall energy in the chain. In turn, the increase in recovered enthalpy correlates to
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an increase in characteristic recovery time, with a trend similar to what was observed when
changing the holding time at the end of the pre-straining sequence. For samples strained up to
100%, the recovered enthalpy and characteristic recovery time do not saturate. The upper limit of
100% strain was set to minimize the effects of plastic straining, as evidenced by samples having
recovery ratios of 93% at 100% strain. When varying the pre-strain amount, the recovered enthalpy
follows a polynomial trend, but the characteristic recovery time is fairly linear, again increasing

by approximately 25%.

5.3.2.3. Effects of strain rate

Figure 5.6¢ shows the recovered enthalpy and the characteristic recovery time of samples
pre-strained with varying strain rates. Both the recovered enthalpy (in red) and the characteristic
recovery time (in blue) are seen to decrease exponentially with increasing strain rate. This can also
be explained by the alignment and structural relaxation of polymer chains. At lower strain rates,
the polymer chains are able to realign themselves and relax to lower energy conformations. This
results in losing more conformational energy and increasing recovered enthalpy in the process.
However, at higher strain rates, there is not enough time for the chains to realign and reach lower
energy conformations before cooling. This directly affects the shape recovery response of the
polymer, where the characteristic recovery time is seen to decrease with higher strain rates. We
theorize that the energy stored in these chains is related to bending and stretching of carbon-carbon
bonds in the polymer chain backbone, thus accelerating the recovery. However, Increasing the
strain rate beyond 10 s™! has limited effect on both recovered enthalpy and characteristic recovery
time.

A trend of recovered enthalpy and characteristic recovery time, therefore, can be

established with these results, where the decrease in recovered enthalpy is desirable to achieve
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faster shape recovery performance in a shape memory polymer. In consideration of the above, we
can now make comparisons between physical aging and shape memory. With increased aging,
polymer chains take on lower energy conformations through structural relaxation. This causes an
increase in recovered enthalpy with increased aging time. Pre-straining of a polymer induces
alignment of the polymer chains, and the energy stored in these chains, as measured by recovered
enthalpy, depends on the pre-straining conditions. Further, a correlation between the recovered

enthalpy and characteristic recovery time is observed.

5.4. Conclusion

In this chapter, we investigated the relationship between recovered enthalpy and the shape
recovery response of SMPs. The effects of physical aging at elevated temperatures and changes to
pre-strain variables were considered. Results from FTIR spectroscopy confirmed an increase in
the presence of low-energy polymer chain conformations with increased aging time. Further, an
increase in recovered enthalpy with increasing aging time was accompanied by an increase in
storage modulus. However, only small changes in recovered enthalpy occur for aging times longer
than 16 hours. A small but noticeable change in glass transition temperature due to aging was also
observed in both MDSC and DMA tests.

In characterizing the shape recovery behavior, we observed that decreases in recovered
enthalpy correlate to decreases in characteristic recovery time. For instance, it was observed that
a maximum decrease in recovery time of 65% occurred for the highest strain rate, which also
caused a significant decrease in recovered enthalpy. Conversely, an increase in recovered enthalpy
meant reduction in the shape recovery performance of the polymer. The increase in recovered
enthalpy results in a need for additional heating to overcome 7 and an increase in characteristic

recovery time. This study enhances our understanding of the relationship between thermodynamic
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and thermomechanical properties of SMPs and evaluates new possibilities for quantifying the

shape recovery performance of such materials.
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5.8.  Supplemental Information

Relationship between recovered enthalpy and the shape-memory effect in shape memory polymers

Figure S5.7 shows the shape fixity and shape recovery ratios for the pre-strained samples.
These results indicate high shape memory performance, with both properties being above 90% for

all samples.
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Chapter 6
Effects of UV-aging on shape recovery performance of shape memory polymers

(This chapter is being prepared for submission)

Abstract

Space represents a harsh environment for all materials. This is particularly challenging for
shape memory polymers (SMPs), which show significant potential for lightweight actuators for
deployable space structures. Relevant environmental conditions in low earth orbit (LEO) space
include UV radiation, temperature variations, and vacuum. Polymers, when exposed to such an
environment for prolonged period (aging), begin to break down structurally and thermodynamic
properties, such as enthalpy, entropy, and specific volume, change over time. This leads to
permanent modification of mechanical properties such as decreased strength and increased
brittleness of the polymer. In addition, performance of SMPs rely on structural configurations of
their polymer chains, which when exposed to prolonged UV radiations, decreases significantly.
Previous studies focused on the effects of UV exposure on chemical degradation of polymers.
However, limited research has been conducted towards studying the effect of UV aging on shape
recovery performance of SMPs. In this study, we expose a polymer in a UV environment followed
by shape recovery experiments where the material is pre-strained and recovered. Furthermore, we
use characterization techniques such as FTIR and DSC to evaluate the amount of degradation of
SMP as a result of UV aging process. The results obtained from this study will provide insight into

recovery capabilities of a SMP for space exploration.

6.1. Introduction
Shape memory polymers (SMPs) are a class of active materials that possess the ability to

change their shape in response to external stimuli, such as heat and light.!*> SMPs are preferred
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over other active materials due to their low cost*>, large recoverable strain®’, and availability of
numerous external stimuli®®. SMPs are widely used to transform two-dimensional sheets into
three-dimensional structures through the self-folding origami process!®!!. Self-folding of such
polymer requires thermomechanical programming (pre-straining) of a polymer and its subsequent

shape recovery response!'”!*. SMPs have attracted significant attention in recent years due to their

14,15 16,17

potential applications in fields such as biomedicine'*!*, soft robotics'®!’, and space exploration®'®,

However, the long-term durability of SMPs under various environmental conditions, such as high
temperature, moisture, sunlight, and UV exposure, remains a critical challenge for their practical
applications. Exposure to such conditions can degrade the polymers reversibly (through physical

aging)'*~? or irreversibly (through photochemical degradation)?*>°. The irreversible degradation,

such as degradation due to UV-C exposure (wavelength of 100-280nm)?**** and atomic oxygen?®?’

in the low earth orbit (LEO), irreversibly affect the structural configuration of the polymer. UV

28,29

radiation and atomic oxygen are present in an abundant amount in LEO space and therefore,

needs to be investigated for applications that require shape recovery performance of SMPs at LEO.

UV radiation is a common environmental factor that has irreversible effects on the

performance of polymers>>**3!, Energetic UV-C radiation breaks down polymer chains through

32,33 25,34

chain scission and introduces foreign functional groups that weaken the polymer chains

Prolonged exposure to UV radiation (UV aging) can cause irreversible photochemical degradation

135—37

of the polymer chains, resulting in a reduction of mechanica and thermal properties**3® of the

material. Despite the importance of understanding the effects of UV aging on SMPs, there is a lack
of systematic studies on how UV aging affects the shape memory performance. Previous studies

on UV aging of polymers have reported changes in physical properties such as discoloration and

38,39 h40—42
2

cracks’®”, reduction in mechanical properties such as hardness, tensile, and flexure strengt
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and surface properties, such as wear resistance and surface degradation of aged polymers**#!#* In

addition, UV aging has been shown to change the viscoelastic response of a polymer****. However,

a fundamental study of this change connecting the recovery of SMPs is missing.

This chapter examines the effects of prolonged UV and atomic oxygen exposure on
viscoelastic behavior of polystyrene and its subsequent effect on shape recovery performance of
the SMP. We use various characterizing techniques such as Fourier transform infrared
spectroscopy (FTIR), dynamic mechanical analysis (DMA), and differential scanning calorimetry
(DSC) to evaluate and analyze the effects caused by UV aging of SMP on its recovery response.
We start by aging the polymer under UV-C radiation of wavelength 254nm for multiple periods of
time, ranging from 1 hour to 24 hours. This induces irreversible damage to the polymer chains
which we evaluate through spectroscopic study using FTIR. We quantify the thermal property
changes through DSC and the viscoelastic changes through DMA. We perform the shape recovery
tests to measure the performance of the SMP and evaluate the effects of UV exposure on the
performance. In free recovery, the sample is allowed to recover freely without the influence of
external force, while in constrained recovery tests, it is constrained from recovering and the
evolution of axial force is measured. These results help us quantify the effects of prolonged UV
aging in the shape recovery performance of SMPs, which in turn provides insight into the long-

term usage of such polymers in harsh space environments.

6.2. Materials and method

This study involves an initial characterization of polystyrene through FTIR, DSC and
DMA, followed by UV aging and thermomechanical pre-straining of our samples. Changes in the
physical properties due to UV aging are further evaluated through FTIR, DSC, and DMA as

described below.
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6.2.1. Sample preparation and initial characterization

The material used in this study is an amorphous PS sheet, (number averaged molecular

weight, M, = 165000 gm mol ™) of thickness 1.5 mm, purchased from McMaster-Carr and is used

in its as-received condition. The PS sheet was cut into a dog-bone shape, using a CO2 laser. The

overall dimension of the sample was 44 x 10 x 1.5 mm with the gage section being 15 x 4 mm as

shown in Figure 6.1. The following characterization techniques were utilized to determine the

baseline properties of the sample.

8THS

To read length in
: index line. To rea

Figure 6.1: Polystyrene sample used for UV aging, pre-straining and shape recovery tests

6.2.1.1. Fourier transform infrared (FTIR) spectroscopy

FTIR analysis was performed on the sample using a Nicolet 6700 spectrometer. The FTIR

test was carried out in the spectrum of 400 cm™ to 4000 cm™! wavenumbers (25 pm to 2.5 um

wavelength respectively), at 64 scans per spectrum and spectral resolution of 2 cm™'. The tests

were carried out at room temperature, and an average of three scans were considered for each

sample.
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6.2.1.2. Differential scanning calorimetry

The T; was measured using a TA Instruments DSC25. A PS sample (mass = 10 - 15mg)
was subjected to a heat-cool-heat cycle from 40°C to 150°C at a heating and cooling rate of 5°C
min’'. The glass transition temperature was measured to be 99.4°C using the midpoint of the
change in heat flow during the second heating cycle. This agrees with other measured values of Ty

for PS SMP from literature®.

6.2.1.3. Dynamic mechanical analysis (DMA)

The viscoelastic properties of PS samples were analyzed using a TA Instruments Discovery
HR20 multidrive rheometer through a temperature ramp procedure using a torsion clamp. An
environment test chamber (ETC) is used to control the temperature above ambient throughout the
test. The sample was ramped from 80°C to 140°C at a heating rate of 5°C min™'. A fixed angular
frequency of 1 rad sec”! was used. The results of this test indicate how the viscoelastic properties
of the material vary through the glass transition and are important in understanding the shape

recovery response of the amorphous polymer.

6.2.2. UV aging

A set of the dog-bone samples described in Section 3.1 were UV aged from 1 hour to 24
hours in a Jelight Model 18 UV+O cleaner, cf. Figure 6.2a. According to the manufacturer, UV
radiation of 254nm wavelength with an average intensity of 30mW/cm™ at a distance of 4mm was
emitted from the Mercury vapor UV grid lamp*’. The samples were removed from the UV cleaner
at a specific time and were characterized for spectroscopic analysis using FTIR, calorimetric

analysis using DSC, and viscoelastic analysis using DMA.

116



Polystyrene undergoes rapid photo oxidation in the presence of UV light and oxygen. Photo
oxidation process at shorter wavelengths (~254nm), is initiated from the absorption of light by the
phenyl group present in the polystyrene chain backbone*®. The energy absorbed by the phenyl

group (R) leads to the initial scission of tertiary C-H bond and forms a radical (H°) according to®:.
RH - R +H (1)
The H' radical reacts with oxygen to form a peroxy radical (ROO®), which in turn abstracts

hydrogen from nearby polymer chains to form a hydroperoxide (R-OOH).

R°+0, - ROO’ (2)

ROO° + RH - ROOH + R’ 3)

The hydroperoxide then decomposes with a chain scission leading to the formation of

acetophenone (C¢HsC(=0)-CH3), ketone (R-C(=0)-R’), and water.

ROOH - RO’ + OH" 4)

2RO0OH - RO’ + ROO° + H,0 (5)

The prolonged exposure to UV-aging will thus break the polymer chain backbone through

chain scission and weakens the structural configuration and mechanical properties of the polymer.

Further, the prolonged exposure to the UV radiation causes color change in polymers where
the color of the polymer surfaces changes to yellow for multiple aging time, as seen in Figure 6.2b.
This has been known to occur due to the formation of chromophoric groups such as polyene (diene,

triene and tetraene) and acetophenone™®.
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Figure 6.2: Prolonged exposure of polymer samples to UV-C radiation and atomic oxygen in a)
Jelight Model 18 UV+O cleaner. The samples were kept at 4mm distance from the light source,

and b) polystyrene changing color to yellow as a result of prolonged UV exposure.

6.2.3. Pre-straining and shape recovery

The aged and unaged samples were subjected to a thermomechanical pre-straining
sequence using a TA Instruments Discovery HR20 multidrive rheometer with DMA mode. A
tension fixture was used for mechanical loading and an environmental test chamber (ETC) was

used to control temperature.

The thermomechanical loading sequence followed a typical pre-straining procedure shown
in Figure 6.3. First, the temperature was ramped to 110°C, followed by an isotherm for 180
seconds. Then a tensile strain (&,,) was applied at a constant strain rate (€), followed by cooling
the test cell to 90°C at 5°C min™' while holding the strain constant. The temperature and strain

were held for 5 minutes. The material contracts to &, following removal of the mechanical load.

The pre-strained sample was subjected to a free-recovery test, wherein the samples were

allowed to recover freely from time ¢ = ¢; to ¢ = ¢2 in the DMA under zero-load condition as shown
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in Figure 6.3. After pre-straining, the axial force in the sample was set to 0 N +/- 0.1 N (limited by
the equipment). The temperature was then ramped linearly from 90°C to 110°C at a rate of 5°C
min™ and held for an hour while the recovery strain was recorded. The recovery strain follows the

blue line of the recovery section in Figure 6.3.

Pre-strain Recovery

Temperature

Figure 6.3: Thermomechanical loading depicting pre-straining and recovery sequences. Red and

blue represents temperature and strain respectively during each procedure.

The efficiency of the recovery process is calculated through shape recovery (R;) according

to the relation:**

R, = 2 . 100% (6)

€m
6.3.  Results and discussion
In this section, we report the results from analysis performed according to Sections 6.2.1
through 6.2.3. The changes seen from prolonged UV exposure in polymer chain backbone are
reported through FTIR, calorimetric changes are reported through DSC, viscoelastic changes and

shape recovery are reported using DMA.
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6.3.1. FTIR spectroscopy

We performed FTIR analysis of unaged and aged polystyrene samples to evaluate chain
scission of the polymer chains due to UV aging. The IR spectra is shown in Figure 6.4a, where the
spectrum of interest is shown in the inset. The presence of chain scission through photooxidative
degradation was calculated through the oxidation index (OI). It is the ratio between the intensity
of carbonyl functional group (formed due to chain scission during UV aging) at 1720 cm™ and that

of reference group at 1600 cm™ as>
I1720
0l = — (7)
I1600
Figure 6.4b shows an increase in the oxidation index with exposure time. The increase in
oxidation index confirms the structural degradation of polymer chains during prolonged UV aging

and is comparable to the existing literature>®>!.
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Figure 6.4: Results from FTIR analysis of UV aged polystyrene. Inset: spectrum of interest for
carbonyl functional group formed during UV aging. b) Oxidation index with exposure time,

showing an increase in the intensity of chain scission in polymer chains with UV aging.
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6.3.2. DSC calorimetry

The calorimetric changes of UV aged samples were analyzed using DSC and compared
with an unaged sample following the process described in Section 6.2.2. Figure 6.5 shows the
variation in glass transition temperature with UV aging time. An initial decrease in 7¢ can be seen
with samples aged for 4 hours and remains fairly constant throughout the end (24 hours). This is
explained by a large number of polymer chains undergoing chain scission during the initial aging
time. This introduces a number of new functional groups in the polymer chain and breaks the chain
structure, which in turn reduces the glass transition temperature. At higher aging time however,
the chain scission within the polymer chains saturate and we see very little change in the glass

transition temperature.
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Figure 6.5: Glass transition temperature at multiple UV aging time. Multiple samples were aged
from 1 to 24 hours and their average glass transition temperatures were recorded through multiple

DSC runs.
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6.3.3. Viscoelastic characterization

The viscoelastic properties of the UV aged samples are evaluated using the DMA. Figure
6.6a shows the change in storage modulus of the polymer for progressively increasing aging time,
Figure 6.6b shows the change in loss modulus and Figure 6.6c shows the changes in tand with
aging. We see an increase in storage modulus with aging time. It is due to the fact that with UV
aging, the polymer chains breaks down and entangles with each other more, thereby requiring

more energy to go through the glass transition.
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Figure 6.6: Changes in viscoelastic properties reported by a) storage modulus, b) loss modulus and

c) tan 0.
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6.3.4. Shape recovery characterization

The shape recovery performance of the UV aged samples are evaluated using the DMA.
Figure 6.7 shows shape recovery ratio of samples aged for multiple time periods. In the inset of
Figure 6.7, it can be seen that the recovery ratio is decreasing with increasing aging time. This
signifies a loss in shape recovery performance of the UV aged polymer caused due to chain scission
of polymer chains. This reduces the amount of strain recovered from the polymer and diminishes

the shape memory performance of samples aged for longer period of time.
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Figure 6.7: Shape recovery performance measured by the recovery ratio. The pre-strained sample
were freely recovered for an hour and the corresponding shape recovery ratio is recorded for

multiple aging time.

6.4. Conclusion
In this chapter, we studied the effects of UV radiation and atomic oxygen in shape recovery
performance of SMPs. Prolonged exposure to UV radiation degrades the polymer chains by chain

scission, introducing foreign functional groups and weakening the polymer. Initial results include
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yellowing of the polymer with aging and FTIR spectroscopy confirmed an increase in the presence
of carbonyl functional group generated by UV aging through chain scission in the polymer chains.
The calorimetric analysis show a decrease of glass transition temperature with aging time, however
viscoelastic analysis show an increase of glass transition temperature with aging time. This is an

ongoing study and needs to be analyzed closely.

The analysis of shape recovery behavior shows a decrease in final shape recovery ratio
with increasing aging time, signifying a reduction in shape recovery performance of UV aged
polymer. To overcome this reduction in mechanical and viscoelastic performance, we would
suggest either limiting the exposure of these polymers to UV radiation or coating the polymer with
UV reflective coating on the surface. This study improves our understanding of the effects of
prolonged UV exposure in shape recovery behavior and laid the experimental foundation for the
next phase of this study, i.e., sending samples to the LEO for 6 months and analyzing the effects

of environmental conditions such as exposure to UV radiation and atomic oxygen.

6.5. Future Works

This chapter presents an experimental setup for evaluating shape memory polymers
undergoing prolonged UV and atomic oxygen exposure. The samples are exposed to these
conditions for a maximum of an hour and need further exposure time to get a complete picture. As
a continuation of this work, we have sent some of our samples to the international space station
(ISS), where these samples are exposed to space environments, such as UV-C radiation and atomic
oxygen for 6-months. The experiment is a part of materials international space station experiments
(MISSE), where the samples will be exposed to the space environments at two different orbital
directions, zenith and wake>2. As a part of this experiment, a total of 8 samples were sent. First set

of 5 samples were thermoplastics polymers, including polystyrene, aluminum coated polystyrene,
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Polyimide (Kapton) coated polystyrene, acrylic, and polyethylene terephthalate glycol (PETQ),

each with a dimension of 1 in. x 1.5 in with thickness of less than 0.4 in.

The other set of 3 samples were thermoset polymer resin mixed at different combinations.
The constituents chemicals used to prepare the thermoset resin were an epoxy base of EPON 826,
Jeffamine D-230, used as crosslinker, and neopentyl glycol diglycidyl ether (NGDE) was used as

t>3. These materials were mixed in combinations following the literature®®. The

a reactive diluen
solution was prepared by pre-melting EPON 826 at 75°C for 15 minutes, followed by mixing
Jeffamine and NGDE and mixing it vigorously by hand for 5 minutes. The solution is then

transferred to a Teflon mold and cured at 100°C for 1 hour, followed by a second cure at 130°C

for 1 hour. The thermoset polymers were left to cool and collected for the MISSE experiment.

The prolonged exposure to the space environment will degrade the polymers and weaken
their thermomechanical performance. We will evaluate this degradation by subjecting the samples,
brought back from the ISS to the experiment procedures outlined in this chapter. This will increase
the exposure time of the samples and provide a better understanding of shape recovery

performance of SMPs for future space exploration.
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Chapter 7
Characterization of electrospun, conducting polymer electrodes enabling mobility for all

(This chapter is being prepared for submission)

Abstract

Humans have evolved sensitive biological sensors, e.g., eyes and ears, to observe and
respond to changes in their environments. Signals from these sensors can initiate a response before
the human is even consciously aware of their reaction. This response plays out in the form of
muscle activations, i.e., an electrochemical reaction that activates a muscular response. In this
work, we seek to design, fabricate, and characterize compliant, conformal, electrospun fabric-
based sensors capable of measuring wearer stress levels and intent detection. These sensors may
be integrated at the human-machine interface in such a way that enables collection of rich data
streams, e.g., surface electromyography (SEMG), electrodermal activity (EDA, or galvanic skin
response), and pressure, that can be used to improve operator safety. Further, these fabric-based
sensors are intended to be minimally intrusive, which will enhance wearer comfort and thereby
lead to more regular use. Herein, we will utilize electrospinning of conducting polymers to
fabricate non-woven electrodes and sensors. We will characterize the electrical, thermal, and
mechanical performance of these electrodes and make comparisons to state-of-art sensors. These
capabilities will enable novel end-use cases, including capturing vehicle operator states, improving
the quality of prosthetic socket design, and the control of wearable exoskeletons to enable walking
and fall prevention, with particular benefit for individuals with reduced sensation and motor

abilities, such as those recovering from stroke or spinal cord injuries (SCI).
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7.1.  Introduction

Electrospinning is a fiber manufacturing process that produces nanofibers in the order of
nanometers to micrometers in diameter.! It is a versatile fiber manufacturing technique used in the
field of nanotextiles*?, drug delivery?, and industrial products ranging from pollutant filtration® to
commodity goods such as face masks.® Due to their high surface-area-to-volume ratio, electrospun
fibers can mimic the morphology of fibers found in human tissue and have been used in
applications such as wound-healing’ and tissue engineering®. In addition to biomedical
applications, electrospun fiber of conducting polymers, unlike the majority of organic polymers,
have unique electrical properties, making them advantageous for applications such as energy

storage’, sensors'’, and flexible electronics wearables!!"12.

The electrospinning process involves applying high electric voltages, in the order of tens
of kV, to create an electrostatic field that draws a polymer solution from a syringe or spinneret
towards a grounded collector plate, cf. Figure 7.1a'*!*. The polymer solution can be fed through
the syringe at a constant rate using a syringe pump. When an electrostatic field is created from the
applied electric voltage, the polymer solution droplet at the syringe nozzle gets electrically charged
and the charges are distributed over the surface. The collection of these charges deforms the droplet
into a cone, known as the Taylor cone, cf. Figure 7.1b. This accumulation of charges creates a
repulsive force which overcomes the surface tension of the droplet at higher electrostatic field
strength and a jet of polymer solution is ejected from the Taylor cone'>!®, The jet of polymer
solution goes through a process of evaporation and extreme elongation due to the applied electric

field, thereby leaving behind a solid, continuous fiber.
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Figure 7.1: a) Electrospinning schematic showing polymer solution being pushed through a nozzle
by a syringe pump. The high voltage power supplied deforms the solution droplet into a Taylor
cone (inset)!*. b) The charge accumulated creates a repulsive force that overcomes the surface
tension of the droplet that stretches the polymer solution and deposits the fiber to the grounded

collector plate!>!.

These fibers are collected in a grounded collector plate, or a grounded spinning drum to
create a fiber mat.! One of the key advantages of electrospinning conducting polymer fibers is their
tunable properties. By adjusting various processing parameters, such as polymer concentration,
applied electric voltages, and the collector distance, researchers can control the diameter,
morphology, and alignment of the resulting fibers.!* This level of control allows for tailoring the
fibers to specific applications. In addition to morphology, electrospinning processes can also be

tailored for applications requiring electrical conductivity from the fiber mats.

17,18 19,20

In recent years, researchers have used polymers such as polyaniline'>*°, polypyrrole ™,

and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)?!, cf. Figure 7.2a-c to

136



electrospin fiber mats with an electrical conductivity range of 10" to 10' S/cm.??>">* The source of
electrical conductivity in these polymers are due to the conjugated polymer chain backbone, i.e.,
their polymer chain consists of alternating single and double bonds as seen in Figure 7.2b.2°%° Both
of these bonds contain strong c-bond between them while double bonds also contain a weaker n-
bond. The electrons in p-orbitals of the n-bonds are overlapped and can move freely between the
backbone atoms, thus providing the source of electrical conductivity.>>° The conductivity of these
polymers can often be enhanced by introducing dopants such as camphorsulfonic acid (CSA) and
p-toluene sulfonic acid (PTSA).3**! The addition of dopants introduces charge carriers into the

backbone, by adding or removing electrons to or from the polymer backbone.?¢7-32
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Figure 7.2: Monomer unit of a) polyaniline, b) polypyrrole and ¢) PEDOT:PSS containing
alternating single and double bond. d) The chemical structure depicting the ¢ and © bond present
in the alternating single and double bond. The overlap of electrons in p-orbitals of the @ bonds can
move freely between the atoms, thus providing the source of electrical conductivity in these

polymers.
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Apart from electrical conductivity, biocompatibility is another property that is crucial in
creating electrospun biological sensors. Polymers with excellent biocompatibility have been used

to assist drug delivery for the treatment of spinal cord injury (SCI)*® or injured arterial vessels.>*

In this work, we developed an in-house electrospinning process to fabricate conducting
polymer fiber mats, with a goal to use in biosensing applications. Next, we performed mechanical,
morphological and electrical characterization of these fiber mats. Finally, we studied their signal
sensing performance based on electrical signals received from muscle actuations during various

hand gestures.

7.2.  Material and methods
We start our experiment procedure by first preparing the polymer solvents. Next, we
produce fiber mats through electrospinning process. Next, we carry out the mechanical,

morphological and electrical characterization of the fiber mat.

7.2.1. Materials

In the preparation of the electrospinning solutions, Polyaniline (PANI) doped with PTSA
(Alfa Aesar, 043683, My = 17,500 gm/mol), N,N-Dimethylformamide (DMF) (VWR, BDH1117-
4LP, My = 73.09 gm/mol), Polyvinyl alcohol (PVA) (VWR, 470302-040, M., = 100,000 gm/mol),
Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) (synthesized in-house at
department of chemical engineering, Auburn University) and deionized (DI) water were used as

received.

7.2.2. Solution preparation
The first set of conducting polymer solution was prepared by dissolving 0.2 5 wt% to 1

wt% doped PANI powder in DMF and stirring it with a magnetic stirrer for 24 hours at room
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temperature. The second set of conducting polymer (PEDOT:PSS) was used in its as received
condition. The processability of these conducting polymers are poor, therefore a carrier polymer,
such as PVA, is mixed with the conducting polymer solution to assist in electrospinning process™.
10 wt% PVA solution was prepared by dissolving PVA powder in DI water and stirred for 24 hours
at 80°C. Each conducting polymer solution was mixed in ratio of 1:3 PANI : PVA (or PEDOT:PSS
: PVA) and was transferred to a 10ml syringe for electrospinning. This mixing ratio provided the
best processability of the conducting polymer solution during electrospinning and produced the

best conductivity value.

7.2.3. Electrospinning

The polymer solution prepared from section 7.2.2 was electrospun at room temperature.
The solution was electrospun through a 20 gage blunt-tip needle, at 1ml hr'! flow rate, 18-20kV
voltage, and 10cm gap between the needle-tip and the collector plate. The collector plate was
covered with aluminum foil for fiber collection and was grounded. The electrospinning was done

for 2 hours and characterization of these electrospun fibers were performed.

7.2.4. Characterization of electrospun fibers
Fibers produced from section 7.2.3 were characterized using the following characterization

techniques.

7.24.1. Scanning electron microscopy (SEM)
SEM images of the electrospun fibers were taken from Thermoscientific Phenom ProX
desktop SEM. The sample fibers were attached to a copper tape and analyzed under 5kV of

accelerating voltage.
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7.2.4.2. Tensile testing

The tensile test of the electrospun fibers were carried out in TA Instruments’ HR20
equipped with a 50 N load cell, with a crosshead separation speed of 3 mm min'. The width of the
sample was measured using a digital caliper and the thickness was measured using Mitutoyo P42
digital indicator on a flat granite base. Six measurements were performed, and average value was
reported as its thickness. The fibers were then anchored to the test frame by wrapping their
endpoints in Aluminum foil to avoid slippage during the test*®. The test was performed at room
temperature until the strain applied reached 100%. The mechanical design criteria of the
electrospun fibers was to withstand 10-15% strain without breaking, as is expected from muscle

actuation during EDA sensing.

7.2.4.3. 4-point probe conductivity

DC electrical conductivity measurements were carried out through an in-house 4-point
probe shown in Figure 7.3a. The 4-point probe were acquired from the electrical engineering
department at Auburn University and consists of four retractable pogo pins for proper fiber contact.
The pins were placed equidistant along the board and the electrical measurements were taken by

Keysight 34465A digital multimeter.

The sheet resistance of the fiber was measured from the schematic shown in Figure 7.3b

according to the relation®’:

2T AV

= o T (M

S n(2) "

where, AV and [ are the applied voltage and resulting current output respectively. The

electrical conductivity is calculated according to the relation®’:
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)

where, ¢ is the average thickness of the fiber. For each fiber mat, the thickness
measurements were carried out six times, electrical conductivity measurements were carried out

nine times and average value is reported.

Figure 7.3: a) The in-house four-point probe used to measure the electrical conductivity of the
electrospun fibers. b) Schematic for measuring the sheet resistance of fibers®’. Among the four
points, two are used to apply electric voltage and the current output is measured from the other

two points.

7.3.  Results and discussion

We start with electrospinning only the conducting polymer solutions as prepared in section
7.2.2. The conducting polymer solutions, in absence of a carrier polymer, deposited visible droplets
instead of fibers. This has been reported in previous works and it occurs due to the poor
processability and low molecular weight of the conducting polymer solution that did not allow it

to reach a sufficient elongation threshold to be electrospun properly*®**°. Addition of carrier
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polymers has been shown to improve the processability and aid in electrospinning of conducting
polymer solution*!*?, therefore, we prepare a mixture of conducting polymer solution and carrier

polymer as described in section 7.2.2.

The electrospun fibers produced from section 7.2.3 are placed on a copper tape and
evaluated using the SEM, cf. Figure 7.4a. The resulting SEM images shown are the electrospun
PVA fibers without the presence of any conducting polymers, cf. Figure 7.4b. PVA fibers appear

to have a high aspect ratio and are randomly oriented under SEM.

Figure 7.4: Morphological analysis of electrospun fibers. a) The sample fiber mat being attached
to the carbon tape before SEM analysis. The resulting SEM images are shown for b) fibers of PVA
without the presence of conducting polymers, ¢) fibers of PANI:DMF and PVA solution and d)
fibers of PEDOT:PSS and PVA solutions. The presence of beads in PEDOT:PSS fibers is due to
the polymer solution being unable to overcome the surface tension of the solution droplet during

electrospinning. The formation of beads are associated with decreased electrical conductivity.
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The polymer solution containing PVA and PANI:DMF solution has similar morphology as
that of PVA fibers as seen in Figure 7.4c. However, a mixture of PVA and PEDOT:PSS contains
beady structures in the middle of the fibers, as seen in Figure 7.4d. This has been previously
reported as the viscosity of the polymer solution being unable to overcome the surface tension of
solution droplet during electrospinning and failing to form fibers***, Bead formation in the
electrospun fiber has been associated with decreased electrical conductivity and is advisable to

minimize them through addition of salt or surfactant to the polymer solution*>#>4,

Next, we performed mechanical characterization through tensile test of these fibers
following the steps mentioned in section 7.2.4.2. The results, shown in Figure 7.5 shows the
mechanical response of electrospun fibers to the applied load. PVA fiber is seen to have better
elongation at break point compared to PANI+PVA and PEDOT+PVA. The PEDOT+PVA fiber was
found to be brittle and failed before the expected elongation of 10-15%. Therefore, PVA+PANI

solution was selected to be suitable for EDA sensing application.
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Figure 7.5: Tensile test results for pure PVA fiber (in blue), PANI:DMF and PVA fiber (in red) and

PEDOT:PSS and PVA fiber (in green).

Next, we performed the electrical conductivity test following the steps mentioned in section
7.2.4.3. The initial measurement of the surface resistance showed some electrical conductivity in
the fiber; however, it tend to diminish over a span of few days to a week and completely loses
conductivity at the end of the week. This loss of conductivity over time has been studied earlier
and was associated with several processes such as loss/migration of dopant molecule after
electrospinning or hydrolysis of conducting polymer chain*’*®, We postulate the presence of water
molecules on the fiber mat, which leads to a loss of electrical conductivity, therefore, we
formulated a separate electrospinning process with an addition of the post processing step. In the
new electrospinning step, a PVA solution without the conducting polymer is electrospun, followed
by a thermal treatment at 45°C for 30 minutes. This ensures evaporation of water molecules (if
any) present in the fiber mat. Next, we drop Iml of conducting polymer solution on electrospun
PVA fiber mat, cf. Figure 7.6a. This allowed the retention of electrical conductivity for several

weeks and the results are shown in Figure 7.6b. Here, an increase in the amount of conductivity is
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seen with an increase in the concentration of conducting polymer solution. An increasing trend of
electrical conductivity is to be expected with increasing concentration of conducting polymer?!,

however, due to the cytotoxic nature of PANI**** and DMF°!, it was imperative to limit the

concentration of conducting polymer solvent for optimized electrical sensing applications.
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Figure 7.6: a) Electrospun PVA fiber mat after dropping the conducting polymer solution. b)
Electrical conductivity of conducting polymer fiber at different concentrations of conducting

polymer solution.

7.4. Conclusion

In this chapter, we developed a conducting fiber mat by electrospinning the conducting
polymer solution. We electrospun different sets of conducting polymer fiber mat and initial
morphological analysis revealed presence of beads on PEDOT:PSS that impeded the electrical
conductivity properties. In addition, the mechanical test showed incompatibility of PEDOT:PSS

fiber with the design criteria, therefore PANI fiber was chosen to be the optimized solution.

A loss in electrical conductivity of the fiber mat was observed within a week of

electrospinning. The fiber production process was improved through a new procedure of
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electrospinning the carrier polymer, followed by a post processing step that helped retain the
electrical conductivity for several weeks. An increase in electrical conductivity of the fiber mat
was observed with an increase in concentration of the conducting polymer. Furthermore, the fiber
mat was successfully tested for electrodermal activity and signal sensing analysis was performed

for multiple hand gestures.

This study intends to develop an intelligent interface between a human and a prosthetic
limb which can sense the user input through electrodermal activity of muscle actuation and enables

mobility of wide range of motion in patients with paralysis and spinal cord injuries.
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Chapter 8

Summary and potential future works

8.1. Summary

In this dissertation, smart materials in the form of shape memory polymers and electrospun
conducting polymer fibers were studied for their actuation and sensing capabilities respectively.
Commercially available polystyrene was used for the material model in finite element framework
and were studied for their shape memory applications including pre-straining, uniform shrinking
and self-folding. The structure property relationship analysis was carried out for polymers
undergoing physical aging and UV aging. Finally, electrically conducting polymers such as PANI
and PEDOT:PSS were electrospun to fabricate non-woven fiber mats which has the ability to sense

electrical signal from muscle actuation in human body.

In chapter 3, a previously developed finite element framework was used to analyze the
thermomechanical biaxial pre-straining of a polymer through hot rolling and its shape recovery
performance. The amount of strain generated by the roller, in two orthogonal directions, were
evaluated. In addition, the role of friction between the roller and workpiece on the amount of stress
applied on the workpiece surface is analyzed. Finally, the effects of processing parameters were
evaluated to maximize the shape fixity and shape recovery of the pre-strained polymer. It was
found that process parameters such as feed rate and rate of uniform heating changes the shape

recovery performance, while roller speed has very little effect on the pre-straining efficiency.

In chapter 4, the shape recovery performance of a pre-strained polymer was analyzed with
an applied electric field as an external stimulus. For this, the existing coupled thermomechanical
finite element framework was modified to include electrical energy which generates resistive Joule

heating to initiate the shape recovery response. This research investigated the effects of various
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parameters such as electrical conductivity, width of the conducting hinge, and the applied voltage
on the shape recovery performance of the pre-strained polymer. The shape recovery performance
was measured through uniform shrinking and localized folding of the pre-strained polymer with
an applied electric field. It was found that folding was initiated only after the polymer reaches its
T%. In addition, the speed at which it folds depends on the conductivity of the hinge, width of the

hinge, and the applied voltage across the hinge.

In chapter 5, polymers were studied for their shape recovery performance, while
undergoing physical aging process. Physical aging takes the polymer chains through structural
relaxation where these chains change their polymer chain conformation and relaxes to lower
energy configuration by losing its enthalpy. This lost in enthalpy was quantified for parameters
such as aging time, strain rate and applied strain and their effects on shape recovery performance
was evaluated. It was found that an increase in lost enthalpy correlates to an increase in the
characteristic shape recovery time, thus slowing down the shape recovery performance. However,
physically aging for more than 16 hours resulted in small changes to the enthalpy lost. This is
explained by the fact that majority of the polymer chains reach lower energy configuration by

losing its enthalpy during this time and decreases the shape recovery performance of the polymer.

In chapter 6, the effects of space environments, such as exposure to UV-C radiation and
atomic oxygen on polymers were studied for their shape recovery performance. The polymers were
exposed under these environments for prolonged time, during which the polymer chains get
chemically degraded through chain scission and introduces foreign functional group to the polymer
chain backbone. The degradation of polymer chains were analyzed through infrared spectroscopy
and the presence of foreign functional group was found on UV-aged polymers. This degraded the

viscoelastic properties of the polymer and resulted in decreased shape recovery performance. In
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addition, a set of thermoplastic and thermoset polymers were sent to the international space station
(ISS) for a 6-month long experiment to determine the effects of prolonged exposure of the space

environments to the polymers.

In chapter 7, the sensing application of smart materials was studied through conducting
polymer fibers. The fibers were fabricated through an electrospinning process and were
characterized for their morphology, thermal, mechanical and electrical performance. A number of
conducting polymers were evaluated for the sensing application and they showed varying degrees
of electrical conductivity. It was found that the fibers electrical conductivity increased with an
increase in the concentration of conducting polymer solvent. The work done in this chapter can
ultimately be used for human machine interaction, where the conducting polymer fiber can act as
an interface and provide mobility to prosthetic limbs according to the electrical signals generated

from the muscles.

8.2.  Potential future works

The potential of smart materials are endless and has been applied in a number of industrial
applications including biomedicine, automotive, aerospace, textile, etc. This dissertation tries to
investigate fundamental process and performance associated with the shape memory applications
of polymers. In doing so, this work has opened up a broad area of investigation to drive the research
in smart materials. These are some of the potential future works that the author believes will be

the next step for each part of the dissertation.

a. Chapter 3: In this chapter, biaxial pre-straining process of polymers through rolling were

studied through computational finite element framework. The study investigated the effects
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of processing parameters associated with this process and analyzed the shape recovery

performance with heating rate of the pre-strained polymer.

One of the directions this project could proceed is by creating a functional in-house
pre-straining setup where a number of polymers could be pre-strained and later studied for
shape recovery analysis. The preliminary design for the in-house pre-straining setup is
provided in this chapter and needs to be assembled. Another direction would be to study
the effects of cooling rate of the polymers exiting the roller as higher cooling rates provide
better pre-straining by fixing the polymer chain motion quickly. In order to do this, the
experimental setup could use water bath to quickly quench the polymer exiting the rollers.
Therefore, another research topic could be an experimental verification of this model by
getting the pre-straining setup ready and studying the effects of process parameters on

shape fixity and shape recovery performance.

Chapter 4: In this chapter, the finite element framework was modified to include the
electrical properties of the material and analyzed for the localized shrinkage of the polymer
during shape recovery process. This localized shrinkage results in self-folding of the pre-
strained polymer.

The potential future works for this chapter will be an experimental verification of
the model. The polymer will require a conducting pathway printed on top of the surface. It
could be done by direct ink writing (DIW) process where a conducting solution could be
printed directly on top of the surface of the polymer.

Chapter 5: In this chapter, the structure-property relationship of the polymer undergoing
physical aging was performed. During physical aging, the polymer chains undergo

structural relaxation process by approaching lower energy state. These effects were later
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induced in polymer through pre-straining process and the effects of lost enthalpy was

evaluated for the shape recovery performance of the polymer.

The future direction for this project would be to analyze the effects of physical
aging on thermoset polymers as their structure contain stronger intermolecular bonds. This
will affect the aging behavior and would be interesting to analyze the effects on its

mechanical and thermodynamic properties.

Chapter 6: In this chapter, the polymers were aged for up to 24 hours in low earth orbit
(LEO) environments such as UV-C radiation and atomic oxygen. During prolonged
exposure to such environments, the polymer chains undergo rapid photooxidation process.
This breaks down the backbone of the polymer and weaken the structural configuration
and mechanical properties of the polymer.

The next phase of this project is ongoing as some of the samples were sent to the
international space station (ISS) for a 6-month long experiment where these samples are
exposed to the LEO environment. Once the sample is received, the above experiments can
be performed to analyze the extent of degradation on these polymers. Another step for this
project could be to work on UV stabilization coatings. This could involve exploring novel
UV-absorbing compounds or nanomaterials that can efficiently dissipate UV energy and
prevent degradation.

Chapter 7: In this chapter, we fabricate electrically conducting polymer fiber mat through
electrospinning process. Through this, we intend to develop an intelligent interface
between a human and a prosthetic limb which can sense the user input through
electrodermal activity of muscle actuation and enables mobility of wide range of motion in

patients with paralysis and spinal cord injuries.
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The future direction with this project is to enhance the electrical conductivity of
electrospun polymer fiber. This could involve the incorporation of conductive additives,
such as carbon nanotubes or graphene, to achieve higher electrical performance. Another
direction for this project could be to conduct clinical studies to validate the performance of

electrospun fiber mats for specific medical applications, such as stress management.
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